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PREFACE TO THE SECOND 
ENGLISH EDITION 


For this edition the book has been enlarged and the treatment in some places. 
revised. The revision has, however, been incomplete to the extent that the 
book does not include topics related to the successful application in recent 
years of the methods of quantum field theory to statistical physics. 

The reason for this is that we have always attempted to construct the Course 
of Theoretical Physics as describing a single science, interlinking the discussion 
of its various branches in the different volumes. According to the general plan 
of the Course, this volume should have followed the one on quantum field 
‘theory, and the discussion of the above-mentioned methods in this book 
should have been based on the development of them in the previous volume. 
Since the latter has not yet been completed, it was not possible to include these 
methods in the present edition. 

To my profound regret, L. D. Landau, my teacher and friend, has been pre- 
vented by injuries received in a road accident from personally contributing to 
the preparation of this new edition. 


April 1966 E. M. LIFSHITZ 


The publishers learnt with deep regret of 
the death of Professor L. D. Landau in 
April 1968 while this volume was in press. 


FROM THE PREFACE TO THE FIRST 
ENGLISH EDITION 


THE present volume of the Theoretical Physics series is devoted to an exposi- 
tion of statistical physics and thermodynamics. These two subjects are firmly 
interconnected, and in our opinion it is rational to present them together as 
one whole. 

As in the other volumes, we have endeavoured, on the one hand, to state the 
general principles as clearly as possible, and, on the other hand, to present 
their many specific applications as fully as possible. However, the present 
book does not contain the theory of electric and magnetic properties of mat- 
ter, which are treated in another volume which is dealing with the electrody- 
namics of material media. Similarly, problems of non-equilibrium phenomena 
are not treated; we propose to consider these in a separate volume. 

We have not included in this book the various theories of ordinary liquids 
and of strong solutions, which to us appear neither convincing nor useful. 

We do not share the view, which one encounters sometimes, that statistical 
physics is the least well-founded branch of theoretical physics (as regards its 
basic principles). We believe that the difficulties are created artificially, because 
the problems are often not stated sufficiently rationally. If one talks from the 
very beginning about the statistical distribution for small parts of a system 
(subsystems) and not for a closed system as a whole, then one avoids the whole 
question of the ergodic or similar hypotheses, which are not really essential for 
physical statistics. 


Moscow L. 
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NOTATION 


OPERATORS are denoted by a circumflex 


Phase space 


p,q generalised momenta and co-ordinates 

dp dq = dp, dp, ... dp, dq, dq, ..- dq, volume element in phase space 
(with s degrees of freedom) 

dl = dp dq/(2zh)' 


... dI° integral over all physically different states 


v 


Thermodynamic quantities 


temperature 

volume 

pressure 

energy 

entropy 

E+PV heat function 

E—TS free energy 

E-—TS+PV thermodynamic potential 
Q = —PV thermodynamic potential 
C,, Cy specific heats 

Cp» Cy Molecular specific heats 
number of particles 

chemical potential 
surface-tension coefficient 

area of interface 


Io 


Sum eamuTy 


wRr se 


In all formulae the temperature is expressed in energy units; the method of converting 
to degrees is described in footnotes to §§9 and 42. 
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CHAPTER I 


THE FUNDAMENTAL PRINCIPLES 
OF STATISTICAL PHYSICS 


§1. Statistical distributions 


Statistical physics, often called for brevity simply statistics, consists in the 
study of the special laws which govern the behaviour and properties of mac- 
roscopic bodies (that is, bodies formed of a very large number of individual 
particles, such as atoms and molecules). To a considerable extent the general 
character of these laws does not depend on the mechanics (classical or quan- 
tum) which describes the motion of the individual particles in a body, but 
their substantiation demands a different argument in the two cases. For con- 
venience of exposition we shall begin by assuming that classical mechanics is 
everywhere valid. 

In principle, we can obtain complete information concerning the motion of 
a mechanical system by constructing and integrating the equations of motion 
of the system, which are equal in number to its degrees of freedom. But if we 
are concerned with a system which, though it obeys the laws of classical me- 
chanics, has a very large number of degrees of freedom, the actual application 
of the methods of mechanics involves the necessity of setting up and solving 
the same number of differential equations, which in general is impracticable. 
It should be emphasised that, even if we could integrate these equations in a 
general form, it would be completely impossible to substitute in the general 
solution the initial conditions for the velocities and co-ordinates of the par- 
ticles, if only because of the amount of time and paper that would be needed. 

At first sight we might conclude from this that, as the number of particles 
increases, so also must the complexity and intricacy of the properties of the 
mechanical system, and that no trace of regularity can be found in the behav- 
iour of a macroscopic body. This is not so, however, and we shall see below 
that, when the number of particles is very large, new types of regularity appear. 

These statistical laws resulting from the very presence of a large number of 
particles forming the body cannot in any way be reduced to purely mechanical 
laws. One of their distinctive features is that they cease to have meaning when 
applied to mechanical systems with a small number of degrees of freedom. 
Thus, although the motion of systems with a very large number of degrees of 
freedom obeys the same laws of mechanics as that of systems consisting of a 
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small number of particles, the existence of many degrees of freedom results in 
laws of a different kind. 

The importance of statistical physics in many other branches of theoretical 
physics is due to the fact that in Nature we continually encounter macroscopic 
bodies whose behaviour can not be fully described by the methods of mechan- 
ics alone, for the reasons mentioned above, and which obey statistical laws. 

In proceeding to formulate the fundamental problem of classical statistics, 
we must first of all define the concept of phase space, which will be constantly 
used hereafter. 

Let a given macroscopic mechanical system have s degrees of freedom: that 
is, let the position of points of the system in space be described by s co- 
ordinates, which we denote by q,, the suffix i taking the values 1, 2, ..., s. 
Then the state of the system at a given instant will be defined by the values at 
that instant of the s co-ordinates q; and the s corresponding velocities q,. In 
statistics it is customary to describe a system by its co-ordinates and momenta 
p;, not velocities, since this affords a number of very important advantages. 
The various states of the system can be represented mathematically by points 
in phase space (which is, of course, a purely mathematical concept); the co- 
ordinates in phase space are the co-ordinates and momenta of the system con- 
sidered. Every system has its own phase space, with a number of dimensions 
equal to twice the number of degrees of freedom. Any point in phase space, 
corresponding to particular values of the co-ordinates qg; and momenta p, of 
the system, represents a particular state of the system. The state of the system 
changes with time, and consequently the point in phase space representing 
this state (which we shall call simply the phase point of the system) moves along 
a curve called the phase trajectory. 

Let us now consider a macroscopic body or system of bodies, and assume 
that the system is closed, i.e. does not interact with any other bodies. A part of 
the system, which is very small compared with the whole system but still mac- 
roscopic, may be imagined to be separated from the rest; clearly, when the 
number of particles in the whole system is sufficiently large, the number in a 
small part of it may still be very large. Such relatively small but still macro- 
scopic parts will be called subsystems. A subsystem is again a mechanical sys- 
tem, but not a closed one; on the contrary, it interacts in various ways with 
the other parts of the system. Because of the very large number of degrees of 
freedom of the other parts, these interactions will be very complex and intri- 
cate. Thus the state of the subsystem considered will vary with time in a very 
complex and intricate manner. 

An exact solution for the behaviour of the subsystem can be obtained only 
by solving the mechanical problem for the entire closed system, i.e. by setting 
up and solving all the differential equations of motion with given initial condi- 
tions, which, as already mentioned, is an impracticable task. Fortunately, it 
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is just this very complicated manner of variation of the state of subsystems 
which, though rendering the methods of mechanics inapplicable, allows a 
different approach to the solution of the problem. 

A fundamental feature of this approach is the fact that, because of the 
extreme complexity of the external interactions with the other parts of the 
system, during a sufficiently long time the subsystem considered will be many 
times in every possible state. This may be more precisely formulated as follows. 
Let Ap Ag denote some small “volume” of the phase space of the subsystem, 
corresponding to co-ordinates g; and momenta p;, lying in short intervals 4q, 
and Ap;. We can say that, in a sufficiently long time 7, the extremely intricate 
phase trajectory passes many times through each such volume of phase space. 
Let At be the part of the total time 7 during which the subsystem was in the 
given volume of phase space 4p 4q.t When the total time T increases inde- 
finitely, the ratio 4t/T tends to some limit 


w = lim At/T. (1.1) 
T—+0o 
This quantity may clearly be regarded as the probability that, if the subsystem 
is observed at an arbitrary instant, it will be found in the given volume of 
phase space Ap Aq. 
On taking the limit of an infinitesimal phase volumet 


dq dp = dqidqe2...dq;dpidpse...dp,, (1.2) 


we can define the probability dw of states represented by points in this volume 
element, i.e. the probability that the co-ordinates q, and momenta p, have val- 
ues in given infinitesimal intervals between q,, p, and q;+dq;, pj+dp;. This 
probability dw may be written 


dw = 0(P1, .--, Ps. 41, +++ qs) dp dq, (1.3) 


where 0 = (pi, ...; Drs 41, -.»,4,) is a function of all the co-ordinates and 
momenta; we shall usually write for brevity e(p, g) or even @ simply. The 
function @, which represents the “density” of the probability distribution in 
phase space, is called the statistical distribution function, or simply the distri- 
bution function, for the body concerned. This function must obviously satisfy 
the normalisation condition 


| espas =] (1.4) 


t For brevity, we shall usually say, as is customary, that the system “is in the volume 
Ap Aq of phase space”, meaning that the system is in states represented by phase points in 
that volume. 

t¢ In what follows we shall always use the conventional notation dp and dq to denote the 
products of the differentials of all the momenta and all the co-ordinates of the system re- 
spectively. 
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{the integral being taken over all phase space), which simply expresses the fact 
that the sum of the probabilities of all possible states must be unity. 

The following circumstance is extremely important in statistical physics. 
The statistical distribution of a given subsystem does not depend on the initial 
state of any other small part of the same system, since over a sufficiently long 
time the effect of this initial state will be entirely outweighed by the effect of 
the much larger remaining parts of the system. It is also independent of the 
initial state of the particular small part considered, since in time this part 
passes through all possible states, any of which can be taken as the initial state. 
Without having to solve the mechanical problem for a system (taking account 
of initial conditions), we can therefore find the statistical distribution for small 
parts of the system. 

The determination of the statistical distribution for any subsystem is in 
fact the fundamental problem of statistical physics. In speaking of “small 
parts” of a closed system, we must bear in mind that the macroscopic bodies 
with which we have to deal are usually themselves such “small parts” of a large 
closed system consisting of these bodies together with the external medium 
which surrounds them. 

If this problem is solved and the statistical distribution for a given subsystem 
is known, we can calculate the probabilities of various values of any physical 
quantities which depend on the states of the subsystem (i.e. on the values of 
its co-ordinates g and momenta p). We can also calculate the mean value of any 
such quantity f(p, q), which is obtained by multiplying each of its possible val- 
ues by the corresponding probability and integrating over all states. Denoting 
the averaging by a bar, we can write 


fe | fp. Delp, 9) dp dq, (1.5) 


from which the mean values of various quantities can be calculated by using 
the statistical distribution function. 

The averaging with respect to the distribution function (called statistical 
averaging) frees us from the necessity of following the variation with time of 
the actual value of the physical quantity /(p, q) in order to determine its mean 
value. It is also obvious that, by the definition (1.1) of the probability, the sta- 
tistical averaging is exactly equivalent to a time averaging. The latter would 
involve following the variation of the quantity with time, establishing the func- 
tion f = f(t), and determining the required mean value as 


r 
f= lim 7 | f(t) de. 
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The foregoing discussion shows that the deductions and predictions con- 
cerning the behaviour of macroscopic bodies which are made possible by 
statistical physics are probabilistic. In this respect statistical physics differs 
from (classical) mechanics, the deductions of which are entirely deterministic. 
It should be emphasised, however, that the probabilistic nature of the results 
of classical statistics is not an inherent property of the objects considered, 
but simply arises from the fact that these results are derived from much less 
information than would be necessary for a complete mechanical description 
(the initial values of the co-ordinates and momenta are not needed). 

In practice, however, when statistical physics is applied to macroscopic 
bodies, its probabilistic nature is not usually apparent. The reason is that, 
if any macroscopic body (in external conditions independent of time) is 
observed over a sufficiently long period of time, it is found that all physical 
quantities’ describing the body are practically constant (and equal to their 
mean values) and undergo appreciable changes relatively very rarely.+ This 
result, which is fundamental to statistical physics, follows from very general 
considerations (to be discussed in §2) and becomes more and more nearly 
valid as the body considered becomes more complex and larger. In terms of 
the statistical distribution, we can say that, if by means of the function 
0(q, p) we construct the probability distribution function for various values 
of the quantity f(p, q), this function will have an extremely sharp maximum 
for f = f, and will be appreciably different from zero only in the immediate 
vicinity of this point. 

Thus, by enabling us to calculate the mean values of quantities describing 
macroscopic bodies, statistical physics enables us to make predictions which 
are valid to very high accuracy for by far the greater part of any time interval 
which is long enough for the effect of the initial state of the body to be entirely 
eliminated. In this sense the predictions of statistical physics become practi- 
cally determinate and not probabilistic. (For this reason, we shall hence- 
forward almost always omit the bar when using mean values of macroscopic 
quantities.) 

If a closed macroscopic system is in a state such that in any macroscopic 
subsystem the “macroscopic” physical quantities are to a high degree of 
accuracy equal to their mean values, the system is said to be in a state of 
Statistical equilibrium (or thermodynamic or thermal equilibrium). It is seen 
from the foregoing that, if a closed macroscopic system is observed for a 


t We mean, of course, macroscopic quantities describing the body as a whole or macro 
scopic parts of it, but not individual particles. 

t We may give an example to illustrate the very high degree of accuracy with which this 
is true. If we consider a region in a gas which contains, say, only 1/100 gram-molecule, we 
find that the mean relative variation of the energy of this quantity of matter from its mean 
value is only ~10-11. The probability of finding (in a single observation) a relative devia- 


tion of the order of 10~°, say, is given by a fantastically small number, ~10-2%10"*, 
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sufficiently long period of time, it will be in a state of statistical equilibrium 
for much the greater part of this period. If, at any initial instant, a closed 
macroscopic system was not in a state of statistical equilibrium (if, for ex- 
ample, it was artificially disturbed from such a state by means of an external 
interaction and then left to itself, becoming again a closed system), it will 
necessarily enter an equilibrium state. The time within which it will reach 
statistical equilibrium is called the relaxation time. In using the term “suffi- 
ciently long”’ intervals of time, we have meant essentially times long compared 
with the relaxation time. 

The theory of processes relating to the attainment of an equilibrium state 
is called kinetics. It is not part of statistical physics proper, which deals 
only with systems in statistical equilibrium, and which is the subject of this 
book.t 


§2. Statistical independence 


The subsystems discussed in §1 are not themselves closed systems; on the 
contrary, they are subject to the continuous interaction of the remaining 
parts of the system. But since these parts, which are small in comparison with 
the whole of the large system, are themselves macroscopic bodies also, we.can 
still suppose that over not too long intervals of time they behave approxi- 
mately as closed systems. For the particles which mainly take part in the 
interaction of a subsystem with the surrounding parts are those near the 
surface of the subsystem; the relative number of such particles, compared 
with the total number of particles in the subsystem, decreases rapidly when 
the size of the subsystem increases, and when the latter is sufficiently large 
the energy of its interaction with the surrounding parts will be small in com- 
parison with its internal energy. Thus we may say that the subsystems are 
quasi-closed. It should be emphasised once more that this property holds 
only over not too long intervals of time. Over a sufficiently long interval 
of time, the effect of interaction of subsystems, however weak, will ultimately 
appear. Moreover, it is just this relatively weak interaction which leads 
finally to the establishment of statistical equilibrium. 

The fact that different subsystems may be regarded as weakly interacting 
has the result that they may also be regarded as statistically independent. 
By statistical independence we mean that the state of one subsystem does not 
affect the probabilities of various states of the other subsystems. 

Let us consider any two subsystems, and let dp™dg™ and dp@dq® be 
volume elements in their phase spaces. If we regard the two subsystems 
together as one composite subsystem, then the statistical independence of the 


Tt Problems of kinetics appear only in §§122 and 123. 
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subsystems signifies mathematically that the probability of the composite 
subsystem’s being in its phase volume element dp2)qg2) = dpMdq”. 
dp®dg® can be written as the product of the probabilities for the two 
subsystems to be respectively in dpdg™ and dp™dq®, each of these 
probabilities depending only on the co-ordinates and momenta of the sub- 
system concerned. Thus we can write 


O12 dp 9 dg” = 01 dpPdg? 02 dpdq, 


or 
O12 = 2102, (2.1) 


where 012 is the statistical distribution of the composite subsystem, and 
01, 2 the distribution functions of the separate subsystems. A similar relation 
is valid for a group of several subsystems.' 

The converse statement is clearly also true: if the probability distribution 
for a compound system is a product of factors, each of which depends only 
on quantities describing one part of the system, then the parts concerned 
are statistically independent, and each factor is proportional to the proba- 
bility of the state of the corresponding part. 

If f, and fz are two physical quantities relating to two different subsystems, 
then from (2.1) and the definition (1.5) of mean values it follows immediately 
that the mean value of the product fif2 is equal to the product of the mean 
values of the quantities fi and f2 separately: 


fife =firhe. (2.2) 


Let us consider a quantity f relating to a macroscopic body or to a part 
of it. In the course of time this quantity varies, fluctuating about its mean 
value. We may define a quantity which represents the average range of this 
fluctuation. The mean value of the difference 4f = f—f is not suitable for 
this purpose, since the quantity f varies from its mean value in both directions, 
and the difference f—f, which is alternately positive and negative, has mean 
value zero regardless of how often f undergoes considerable deviations from 
its mean value. The required characteristic may conveniently be defined as 
the mean square of this difference. Since (4f)? is always positive, its mean 
value tends to zero only if (4/)? itself tends to zero; that is, the mean value 
is small only when the probability of considerable deviations of f from 


f is small. The quantity »/[(4/)?] = +/[(/—/)?] is called the root-mean-square 
(r.m.s.) fluctuation of the quantity f. It may be noted that 
Oy = PP 
7 f? 2f, tf +f af 


t Provided, of course, that these subsystems together still form only a small part of the 
whole closed system. 
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whence a 
(4f)? = f?-(f)’, (2.3) 


i.e. the r.m.s. fluctuation is determined by the difference between the mean 
square of the quantity and the square of its mean. 


The ratio +/[(4f)*I/f is called the relative fluctuation of the quantity f. The 
smaller this ratio is, the more negligible is the proportion of time during 
which the body is in states where the deviation of f from its mean value is a 
considerable fraction of the mean value. 

We shall show that the relative fluctuations of physical quantities decrease 
rapidly when the size of the bodies (that is, the number of particles) to which 
they relate increases. To prove this, we first note that the majority of quan- 
tities of physical interest are additive. This property is a consequence of the 
fact that the various parts of a body are quasi-closed systems, and signifies 
that the value of such a quantity for the whole body is the sum of its values 
for the various (macroscopic) parts of the body. For example, since the 
internal energies of these parts are, as shown above, large compared with 
their interaction energies, it is sufficiently accurate to assume that the energy 
of the whole body is equal to the sum of the energies of its parts. 

Let f be such an additive quantity. We imagine the body concerned to 
be divided into a large number N of approximately equal small parts. Then 

N 
f= > fi, where the quantities f,; relate to the individual parts, and like- 


i=1 
wise for the mean value we have 


N ~_ 
Fa bh 


It is clear that, as the number of parts increases, f increases approximately 
in proportion to N. Let us also determine the r.m.s. fluctuation of f. We have 


(4f? = (4h). 


Because of the statistical independence of the different parts of the body, the 
mean values of the products 4f, Mf, are 


Af Af. = Af x=0 #2), 
since each Af, = 0. Hence 


N 
(47% = Dd (4f)?. (2.4) 


tw1 


It follows that, as N increases, the mean square (4f)? also increases in pro- 
portion to N. The relative fluctuation is therefore inversely proportional 
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to 4/N: 
VIF] 1 (2.5) 
f /N 


On the other hand, if we consider a homogeneous body to be divided into 
parts of a given small size, it is clear that the number of parts will be propor- 
tional to the total number of particles (molecules) in the body. Hence the 
result can also be stated by saying that the relative fluctuation of any additive 
quantity f decreases inversely as the square root of the number of particles 
in a macroscopic body, and so, when the number of these is sufficiently large, 
the quantity fitself may be regarded as practically constant in time and equal 
to its mean value. This conclusion has already been used in §1. 


§3. Liouville’s theorem 


Let us now return to a further study of the properties of the statistical 
distribution function, and suppose that a subsystem is observed over a very 
long interval of time, which we divide into a very large (in the limit, infinite) 
number of equal short intervals between instants ti, te, .... At each of 
these instants the subsystem considered is represented in its phase space by a 
point Aj, As, .... The set of points thus obtained is distributed in phase 
space with a density which in the limit is everywhere proportional to the 
distribution function 0(p, g). This follows from the significance of the latter 
function as determining the probabilities of various states of the subsystem. 

Instead of considering points representing states of one subsystem at 
different instants f1, te, ..., we may consider simultaneously, in a purely 
formal manner, a very large (in the limit, infinite) number of exactly identical 
subsystems', which at some instant, say t = 0, are in states represented by 
the points Ai, Ae, .... 

We now follow the subsequent movement of the phase points which rep- 
resent the states of these subsystems over a not too long interval of time, 
such that a quasi-closed subsystem may with sufficient accuracy be regarded 
as closed. The movement of the phase points will then obey the equations 
of motion, which involve the co-ordinates and momenta only of the particles 
in the subsystem. 

It is clear that at any instant ¢ these points will be distributed in phase 
space according to the same distribution function o(p, q), in just the same 
way as at ¢ = 0. In other words, as the phase points move about in the 
course of time, they remain distributed with a density which is constant at 
any given point and is proportional to the corresponding value of 0. 


t Such an imaginary set of identical systems is usually called a statistical ensemble. 
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This movement of phase points may be formally regarded as a steady flow 
of a “gas” in phase space of 2s dimensions, and the familiar equation of 
continuity may be applied, which expresses the constancy of the total number 
of “particles’’ (in this case, phase points) in the gas. The ordinary equation 


of continuity is 
00/dt+div (ev) = 0, 


where og is the density and v the velocity of the gas. For steady flow, where 


do/ot = 0, we have 
div (ev) = 0. 


For a space of many dimensions, this will become 
5 3 
i-1 Ox; 


In the present case the “co-ordinates”’’ x; are the co-ordinates q and momenta 
p, and the “velocities” v; = X, are the time derivatives q and Pp given by the 
equations of motion. Thus we have 


&§ 


z E 7, (og) ta 5, (2b) | = 0 


Expanding the derivatives gives 


s Oo Odi, Opi] _ 
» ie Ba, 2 bist ote J leat a |= 0. (3.1) 


i=1 
With the equations of motion in HAMILTON’s form: 
qi = 0H/Op;, pi = —0H/0q;, 


where H = H(p, q) is the Hamiltonian for the subsystem considered, we see 
that 
0q;/0q; = 0? H/0q; Op; = — Op;/Op;. 


The second term in (3.1) is therefore identically zero. The first term is just 
the total time derivative of the distribution function. Thus 


do Oe . 4 20 ; 

ae = (qc tap?) = ° (3.2) 
We therefore reach the important conclusion that the distribution function 

is constant along the phase trajectories of the subsystem. This is Liouville’s 

theorem. Since quasi-closed subsystems are under discussion, the result is 

valid only for not too long intervals of time, during which the subsystem 

behaves as if closed, to a sufficient approximation. 
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§4. The significance of energy 


It follows at once from LIOUVILLE’s theorem that the distribution function 
must be expressible entirely in terms of combinations of the variables p and 
gq which remain constant when the subsystem moves as a closed subsystem. 
These combinations are the mechanical invariants or integrals of the motion, 
which are the first integrals of the equations of motion. We may therefore 
say that the distribution function, being a function of the mechanical inva- 
riants, is itself an integral of the motion. 

It proves possible to restrict very considerably the number of integrals 
of the motion on which the distribution function can depend. To do this, we 
must take into account the fact that the distribution 012 for a combination 
of two subsystems is equal to the product of the distribution functions 0 
and 02 of the two subsystems separately: 012 = 0102 (see (2.1)). Hence 


log 012 = log o1+log oe, (4.1) 


so that the logarithm of the distribution function is an additive quantity 
We therefore reach the conclusion that the logarithm of the distribution 
function must be not merely an integral of the motion, but an additive integral 
of the motion. 

As we know from mechanics, there exist only seven independent additive 
integrals of the motion: the energy, the three components of the momentum 
vector and the three components of the angular momentum vector. We shall 
denote these quantities for the ath subsystem (as functions of the co-ordinates 
and momenta of the particles in it) by Z,(p, 9), P,(p. g), M,(p, g) respectively. 
The only additive combination of these quantities is a linear combination 
of the form 


log 0g = a+ BEQ(p, q)+¥-P.(p, 9) +6-M,(p, 9) (4.2) 


with constant coefficients «,, 8, ¥, 6, of which 8, ¥, 6 must be the same 
for all subsystems in a given closed system. 

We shall return in Chapter III to a detailed study of the distribution (4.2); 
here we need note only the following points. The coefficient «, is just the 
normalisation constant, given by the condition f e, dp? dq = 1. The con- 
stants 8, Y, 6, involving seven independent quantities altogether, may be 
determined from the seven constant values of the additive integrals of the 
motion for the whole closed system. Thus we reach a conclusion very im- 
portant in statistical physics. The values of the additive integrals of the motion 
(energy, momentum and angular momentum) completely define the statistical 
properties of a closed system, i.e. the statistical distribution of any of its 
subsystems, and therefore the mean values of any physical quantities relating 
to them. These seven additive integrals of the motion replace the unimaginable 
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multiplicity of data (initial conditions) which would be required in the 
approach from mechanics. 

The above arguments enable us at once to set up a simple distribution 
function suitable for describing the statistical properties of a closed system. 
Since, as we have seen, the values of non-additive integrals of the motion do 
not affect these properties, the latter can be described by any function o which 
depends only on the values of the additive integrals of the motion for the 
system and which satisfies LIOUVILLE’s theorem. The simplest such function 
is 9 = constant for all points in phase space which correspond to given 
constant values of the energy (Eo), momentum (Po) and angular momentum 
(Mo) of the system (regardless of the values of the non-additive integrals) 
and @ = 0 at all other points. It is clear that a function so defined will cer- 
tainly remain constant along a phase trajectory of the system, i.e. will satisfy 
LIOUVILLE’s theorem. 

This formulation, however, is not quite exact. The reason is that the points 
defined by the equations 


E(p,q) = E,, P(p,9g)=Py, Mp. 9g) = My (4.3) 


form a manifold of only 2s—7 dimensions, not 2s like the phase volume. 
Consequently, if the integral [9 dp dq is to be different from zero, the function 
o(p, q) must become infinite at these points. The correct way of writing the 
distribution function for a closed system is 


o = constant X 6(E— E,)6(P— P,)d6(M—M,,). (4.4) 


The presence of the delta functions’ ensures that 0 is zero at all points in 
phase space where one or more of the quantities E, P, M is not equal to the 
given value Eo, Po or Mo. The integral of @ over the whole of a phase volume 
which includes all or part of the above-mentioned manifold of points is finite. 
The distribution (4.4) is called microcanonical.t 

The momentum and angular momentum of a closed system depend on its 
motion as a whole (uniform translation and uniform rotation). We can there- 
fore say that the statistical state of a system executing a given motion depends 
only on its energy. In consequence, energy is of exceptional importance in 
statistical physics. 

In order to exclude the momentum and angular momentum from the sub- 
sequent discussion we may use the following device. We imagine the system 


+ The definition and properties of the delta function are given, for example, in Quantum 
Mechanics, §5. 

$It should be emphasised once more that this distribution is not the true statistical 
distribution for a closed system. Regarding it as the true distribution is equivalent to assert- 
ing that, in the course of a sufficiently long time, the phase trajectory of a closed system 
passes arbitrarily close to every point of the manifold defined by equations (4.3). But this 
assertion (called the ergodic hypothesis) is certainly not true in general. 
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to be enclosed in a rigid “box” and take co-ordinates such that the “box” is 
at rest. Under these conditions the momentum and angular momentum are 
not integrals of the motion, and the only remaining additive integral of the 
motion is the energy. The presence of the “box’’, on the other hand, clearly 
does not affect the statistical properties of small parts of the system (subsys- 
tems). Thus for the logarithms of the distribution functions of the subsystems, 
instead of (4.2), we have the still simpler expressions 


log Qa = %q+BEQ(P, 9). (4.5) 
The microcanonical distribution for the whole system is 
o = constant X 6(E—£)). (4.6) 


So far we have assumed that the closed system as a whole is in statistical 
equilibrium; that is, we have considered it over times long compared with its 
relaxation time. In practice, however, it is usually necessary to discuss a system 
over times comparable with or even short relative to the relaxation time. For 
large systems this can be done, owing to the existence of what are called 
partial (or incomplete) equilibria as well as the complete statistical equilibrium 
of the entire closed system. Such equilibria occur because the relaxation time 
increases with the size of the system, and so the separate small parts of the 
system attain the equilibrium state considerably more quickly than equi- 
librium is established between these small parts. This means that each small 
part of the system is described by a distribution function of the form (4.2), 
with the parameters 8, 7, 6 of the distribution having different values for 
different parts. In such a case the system is said to be in partial equilibrium. 
In the course of time, the partial equilibrium gradually becomes complete, 
and the parameters £, 7, 6 for each small part slowly vary and finally become 
equal throughout the closed system. 

Another kind of partial equilibrium is also of frequent occurrence, namely 
that resulting from a difference in the rates of the various processes occurring 
in the system, not from a considerable difference in relaxation time between 
the system and its small parts. One obvious example is the partial equilibrium 
in a mixture of several substances involved in a chemical reaction. Owing to 
the comparative slowness of chemical reactions, equilibrium as regards the 
motion of the molecules will be reached, in general, considerably more rapidly 
than equilibrium as regards reactions of molecules, i.e. as regards the com- 
position of the mixture. This enables us to regard the partial equilibria of the 
mixture as equilibria at a given (actually non-equilibrium) chemical com- 
position. 

The existence of equilibria leads to the concept of macroscopic states of a 
system. Whereas a mechanical microscopic description of the system specifies 
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the co-ordinates and momenta of every particle in the system, a macroscopic 
description is one which specifies the mean values of the physical quantities 
determining a particular partial equilibrium, for instance the mean values of 
quantities describing separate sufficiently small but macroscopic parts of the 
system, each of which may be regarded as being in a separate equilibrium. 


§5. The statistical matrix 


Turning now to the distinctive features of quantum statistics, we may note 
first of all that the purely mechanical approach to the problem of determining 
the behaviour of a macroscopic body in quantum mechanics is of course just 
as hopeless as in classical mechanics. Such an approach would require the 
solution of SCHRODINGER’s equation for a system consisting of all the particles 
in the body, a problem still more hopeless, one might even say, than the 
integration of the classical equations of motion. But even if it were possible 
in some particular case to find a general solution of SCHRODINGER’s equation, 
it would be utterly impossible to select and write down the particular solution 
satisfying the precise conditions of the problem and specified by particular 
values of an enormous number of different quantum numbers. Moreover, we 
shall see below that for a macroscopic body the concept of stationary states 
itself becomes to some extent arbitrary, a fact of fundamental significance. 

Let us first elucidate some purely quantum-mechanical features of macro- 
scopic bodies as compared with systems consisting of a relatively small number 
of particles. 

These features amount to an extremely high density of levels in the energy 
eigenvalue spectrum of a macroscopic body. The reason for this is easily seen 
if we note that, because of the very large number of particles in the body, a 
given quantity of energy can, roughly speaking, be “distributed” in innumer- 
able ways among the various particles. The relation between this fact and the 
high density of levels becomes particularly clear if we take as an example a 
macroscopic body consisting of a “gas” of N particles which do not interact 
at all, enclosed in some volume. The energy levels of such a system are just 
the sums of the energies of the individual particles, and the energy of each 
particle can range over an infinite series of discrete values. It is clear that, on 
choosing in all possible ways the values of the N terms in this sum, we shall 
obtain a very large number of possible values of the energy of the system in 
any appreciable finite part of the spectrum, and these values will therefore lie 
very close together. 


t The separations between successive energy levels of a single particle are inversely 
proportional to the square of the linear dimensions L of the volume enclosing it (~ f?/mL?, 
where m is the mass of the particle and 4 the quantum constant). 
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It may be shown (see (7.18)) that the number of levels in a given finite 
range of the energy spectrum of a macroscopic body increases exponentially 
with the number of particles in the body, and the separations between levels 
are given by numbers of the form 10-% (where N is a number of the order 
of the number of particles in the body), whatever the units, since a change in 
the unit of energy has no effect on such a fantastically small number.* 

In consequence of the extremely high density of levels, a macroscopic body 
in practice can never be in a strictly stationary state. First of all, it is clear 
that the value of the energy of the system will always be “broadened’’ by 
an amount of the order of the energy of interaction between the system and 
the surrounding bodies. The latter is very large in comparison with the separa- 
tions between levels, not only for quasi-closed subsystems but also for systems 
which from any other aspect could be regarded as strictly closed. In Nature, 
of course, there are no completely closed systems, whose interaction with any 
other body is exactly zero; and whatever interaction does exist, even if it is 
so small that it does not affect other properties of the system, will still be very 
large in comparison with the infinitesimal intervals in the energy spectrum. — 

In addition to this, there is another fundamental reason why a macroscopic 
body in practice cannot be in a stationary state. It is known from quantum 
mechanics that the state of a quantum-mechanical system described by a wave 
function is the result of some process of interaction of the system with another 
system which obeys classical mechanics to a sufficient approximation. In this 
respect the occurrence of a stationary state implies particular properties of 
the system. Here we must distinguish between the energy E of the system 
before the interaction and the energy E’ of the state which results from the 
interaction. The uncertainties AE and JE’ in the quantities E and E’ are 
related to the duration At of the interaction process by the formulat 


| AE’ — AE] ~ hiJAt. 


The two errors JE and AE’ are in general of the same order of magnitude, and 
analysis shows that we cannot make AE’ « AE. We can therefore say that 
AE' ~ h/At. In order that the state may be regarded as stationary, the un- 
certainty AE’ must certainly be small in comparison with the separations 
between adjoining levels. Since the latter are extremely small, we see that, in 
order to bring the macroscopic body into a particular stationary state, an 


tit should be mentioned that this discussion is inapplicable to the initial part of the 
energy spectrum; the separations between the first few energy levels of a macroscopic body 
may even be independent of the size of the body, as for instance in the electron spectrum 
in a dielectric (see §70). This point, however, does not affect the subsequent conclusions: 
when referred to a single particle, the separations between the first few levels for a macro- 
scopic body are negligibly small, and the high density of levels mentioned in the text is 
reached for very small values of the energy relative to a single particle. 

t See Quantum Mechanics, §44. 
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extremely long time At ~ h/AE’ would be necessary. In other words, we again 
conclude that strictly stationary states of a macroscopic body cannot exist. 

To describe the state of a macroscopic body by a wave function at all is 
impracticable, since the available data concerning the state of such a body are 
far short of the complete set of data necessary to establish its wave function. 
Here the position is somewhat similar to that which occurs in classical statis- 
tics, where the impossibility of taking account of the initial conditions for 
every particle in a body makes impossible an exact mechanical description of 
its behaviour; the analogy is imperfect, however, since the impossibility of a 
complete quantum-mechanical description and the lack of a wave function 
describing a macroscopic body may, as we have seen, possess a much more 
profound significance. 

The quantum-mechanical description based on an incomplete set of data 
concerning the system is effected by means of what is called a density matrix.' 
A knowledge of this matrix enables us to calculate the mean value of any 
quantity describing the system, and also the probabilities of various values of 
such quantities. The incompleteness of the description lies in the fact that the 
results of various kinds of measurement which can be predicted with a certain 
probability from a knowledge of the density matrix might be predictable with 
greater or even complete certainty from a complete set of data for the system, 
from which its wave function could be derived. 

We shall not pause to write out here the formulae of quantum mechanics 
relating to the density matrix in the co-ordinate representation, since this 
representation is seldom used in statistical physics, but we shall show how the 
density matrix may be obtained directly in the energy representation, which is 
necessary for statistical applications. 

Let us consider some subsystem, and define its “stationary states’’ as the 
states obtained when all interactions of the subsystem with the surrounding 
parts of a closed system are entirely neglected. Let y,(g) be the normalised 
wave functions of these states (without the time factor), q conventionally 
denoting the set of all co-ordinates of the subsystem, and the suffix n the set 
of all quantum numbers which distinguish the various stationary states; the 
energies of these states will be denoted by E,. 

Let us assume that at some instant the subsystem is in a completely descri- 
bed state with wave function Y. The latter may be expanded in terms of the 
functions y,(q), which form a complete set; we write the expansion as 


a ae (5.1) 
n 
The mean value of any quantity fin this state can be calculated from the 


+t See Quantum Mechanics, $14. 
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coefficients c, by means of the formula 


f= DV cn*emfam (5.2) 


where 
Snm = | vt um dg (5.3) 


are the matrix elements of the quantity f ( f being the corresponding operator). 
The change from the complete to the incomplete quantum-mechanical 
description of the subsystem may be regarded as a kind of averaging over its 
various W states. In this averaging, the products c*c,, give a double set (two 
suffixes) of quantities, which we denote by w,,,, and which cannot be expressed 
as products of any quantities forming a single set. The mean value of fis now 

given by 
f= > »» Winn Snm: (5.4) 


The set of quantities w,,, (which in general are functions of time) is the 
density matrix in the energy representation; in statistical physics it is called 
the statistical matrix. 

If we regard the w,,,, as the matrix elements of some statistical operator 
w, then the sum } w,,,fnm Will be a diagonal matrix element of the operator 


A n 
product wf, and mean value f becomes the trace (sum of diagonal elements) 
of this operator: 


f= Lf Ynn= tr (Ff). (5.5) 


This formula has the advantage of enabling us to calculate with any com- 
plete set of orthonormal wave functions: the trace of an operator is independ- 
ent of the particular set of functions with respect to which the matrix ele- 
ments are defined.t 

The other expressions of quantum mechanics which involve the quantities 
c,, are similarly modified, the products c* c,, being everywhere replaced by 
the “averaged values”’ w,,, 

Cy*Cm > Wmn- 
For example, the probability that the subsystem is in the nth state is equal 
to the corresponding diagonal element w,,, of the density matrix (instead of 
the squared modulus c* c,,). It is evident that these elements, which we shall 
denote by w,, are always positive: 


Wy = Wan > 0, (5.6) 


t The energy representation is mentioned here, as being the one generally used in statis- 
tical physics. We have not so far, however, made direct use of the fact that the y, are wave 
functions of stationary states. It is therefore clear that the same method could be used to 
define the density matrix with respect to any complete set of wave functions. 

t See Quantum Mechanics, §12. 
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and satisfy the normalisation condition 


= Sw, = 1 (5.7) 


(corresponding to the condition )' |c, |? = 1). 


nr 

It must be emphasised that the averaging over various VY states, which we 
have used in order to illustrate the transition from a complete to an incom- 
plete quantum-mechanical description, has only a very formal significance. 
In particular, it would be quite incorrect to suppose that the description by 
means of the density matrix signifies that the subsystem can be in various V 
states with various probabilities and that the averaging is over these proba- 
bilities. Such a treatment would be in conflict with the basic principles of 
quantum mechanics. 

The states of a quantum-mechanical system that are described by wave 
functions are sometimes called pure states, as distinct from mixed states, which 
are described by a density matrix. Care should, however, be taken not to 
misunderstand the latter term in the way indicated above. 

The averaging by means of the statistical matrix according to (5.4) has a 
twofold nature. It comprises both the averaging due to the probabilistic 
nature of the quantum description (even when as complete as possible) and 
the statistical averaging necessitated by the incompleteness of our informa- 
tion concerning the object considered. For a pure state only the first averaging 
remains, but in statistical cases both types of averaging are always present. 
It must be borne in mind, however, that these constituents cannot be separated ; 
the whole averaging procedure is carried out as a single operation, and 
cannot be represented as the result of successive averagings, one purely 
quantum-mechanical and the other purely statistical. 

The statistical matrix in quantum statistics takes the place of the distribu- 
tion function in classical statistics. The whole of the discussion in the previous 
sections concerning classical statistics and the, in practice, deterministic 
nature of its predictions applies entirely to quantum statistics also. The proof 
given in §2 that the relative fluctuations of additive physical quantities tend 
to zero as the number of particles increases made no use of any specific prop- 
erties of classical mechanics, and so remains entirely valid in the quantum 
case. We can therefore again assert that macroscopic quantities remain prac- 
tically equal to their mean values. 

In classical statistics the distribution function 0(p, 9) gives directly the 
probability distribution of the various values of the co-ordinates and 
momenta of the particles of the body. In quantum statistics this is no longer 
true; the quantities w, give only the probabilities of finding the body in a 
particular quantum state, with no direct indication of the values of the co- 
ordinates and momenta of the particles. 
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From the very nature of quantum mechanics, the statistics based on it can 
deal only with the determination of the probability distribution for the co- 
ordinates and momenta separately, not together, since the co-ordinates and 
momenta of a particle cannot simultaneously have definite values. The required 
probability distributions must reflect both the statistical uncertainty and 
the uncertainty inherent in the quantum-mechanical description. To find these 
distributions, we repeat the arguments given above. We first assume that the 
body is in a pure quantum state with the wave function (5.1). The probability 
distribution for the co-ordinates is given by the squared modulus 


[P= Dd Ca¥ ema *Pms 
nm 


so that the probability that the co-ordinates have values in a given interval 
dq = dqi dg2... dg, is dw, = |'P |? dg. For a mixed state, the products c,*¢,, 
are replaced by the elements w,,,, of the statistical matrix, and |¥ |? thus 
becomes 

» YX WmnPn* Pm: 

nm 


_ By the definition of the matrix elements, 


. 2, WinntPm = WY, 
and so 
3 » Wann" Ym = YD Pn* Yn: 
nm . nr 


Thus we have the following formula for the co-ordinate: probability distri- 
bution: . a 


dw, = Lvntiyn dg. . (5.8) 


In this expression the functions y, may be any complete set of normalised 
wave functions. 

Let us next determine the momentum probability distribution. The quan- 
tum states in which all the momenta have definite values correspond to free 
motion of all the particles. We denote the wave functions of these states by 
y,(q), the suffix p conventionally representing the set of values of all the mo- 
menta. As we know, the diagonal elements of the density matrix are the proba- 
bilities that the system is in the corresponding quantum states. Hence, having 
determined the density matrix with respect to the set of functions p,, we obtain 
the required momentum probability distribution from the formulat 


dwy = Wpp dp = dp- | Pp*wp, dq, (5.9) 
where dp = dpi dp2 ... dp,. 


t The functions p, are assumed normalised by the delta function of all the momenta. 
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It is interesting that both distributions (co-ordinate and momentum) can 
be obtained by integrating the same function, 
I = Pp*(Q)pp(Q). (5.10) 
Integration of this expression with respect to q gives the momentum distribu- 
tion, and with respect to p gives the co-ordinate distribution (the expression 
(5.8) with the functions p, as the complete set of wave functions). It should be 
emphasised, however, that this does not mean that the function (5.10) may 
be regarded as a probability distribution for co-ordinates and momenta simul- 
taneously: the expression (5.10) is complex, quite apart from the fact that 
such a view would conflict with the basic principles of quantum mechanics. 


§6. Statistical distributions in quantum statistics 


In quantum mechanics a theorem can be proved which is entirely analogous 
to LIOUVILLE’s theorem derived in §3 on the basis of classical mechanics. 

To do this, we first derive a general equation of quantum mechanics which 
gives the time derivative of the statistical matrix of any (closed) system.t 
Following the method used in §5, we first assume that the system is in a pure 
state with a wave function represented in the form of a series (5.1). Since the 
system is closed, its wave function will have the same form at all subsequent 
instants, but the coefficients c,, will depend on the time, being proportional to 
factors e~*##"/, We therefore have 


re) i 
at (Cn *Cm) oa h (E,,— Em)Cn*Cm- 


The change to the statistical matrix in the general case of mixed states is now 

effected by replacing the products c,*c,,by W,,,, and this gives the required 
equation: 

Wmn = (i/M(E,—Em)Wmn- (6.1) 

This equation can be written in a general operator form by noticing that 


(E,,— Em)Wmn = y (WmtTin— Hin): 


where H,,,, are the matrix elements of the Hamiltonian H of the system; this 
matrix is diagonal in the energy representation, which we are using. Hence 


w = (i/h) (®#H— Ai). (6.2) 

It should be pointed out that this expression differs in sign from the usual 

quantum-mechanical expression for the operator of the time derivative of a 
quantity. 

t In §5 the density matrix of a subsystem was discussed, having regard to its fundamental 


applications in statistical physics, but a density matrix can of course also be used to describe 
a closed system in a mixed state. 
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We see that, if the time derivative of the statistical matrix is zero, the oper- 
ator w must commute with the Hamiltonian of the system. This result is the 
quantum analogue of LIOUVILLE’s theorem: in classical mechanics the requi- 
rement of a stationary distribution function has the result that w is an integral 
of the motion, while the commutability of the operator of a quantity with the 
Hamiltonian is just the condition, in quantum mechanics, that that quantity 
is conserved. 

In the energy representation used here, the condition is particularly simple: 
(6.1) shows that the matrix w,,, must be diagonal, again in accordance with 
the usual matrix condition that a quantity is conserved in quantum mechan- 
ics, namely that the matrix of such a quantity can be brought to diagonal 
form simultaneously with the Hamiltonian. 

As in §3, we can now apply the results obtained to quasi-closed subsystems, 
for intervals of time during which they behave to a sufficient approximation 
as closed systems. Since the statistical distributions (or in this case the statis- 
tical matrices) of subsystems must be stationary, by the definition of statis- 
tical equilibrium, we first of all conclude that the matrices w,,,, are diagonal 
for all subsystems.t The problem of determining the statistical distribution 
therefore amounts to a calculation of the probabilities w,, = w,,,, which repre- 
sent the “distribution function” in quantum statistics. Formula (5.4) for the 
mean value of any quantity / becomes simply 


f= 2, Wann (6.3) 


and contains only the diagonal matrix elements /,,,. 

Next, using the facts that w must be a quantum-mechanical “integral of 
the motion” and that the subsystems are quasi-independent, we find in an 
entirely similar way to the derivation of (4.5) that the logarithm of the distri- 
bution function for subsystems must be of the form 


log w, = «(+ BE@, (6.4) 


where the index a corresponds to the various subsystems. Thus the probabil- 
ities w, can be expressed as a function of the energy level alone: w, = w(E,). 

Finally, the discussion in §4 concerning the significance of additive inte- 
grals of the motion, and in particular the energy, as determining all the statis- 
tical properties of a closed system, remains entirely valid. This again enables 
us to set up for a closed system a simple distribution function suitable for 
describing its statistical properties though (as in the classical case) certainly 
not the true distribution function. 


t Since this statement involves neglecting the interactions between subsystems, it is more 
precise to say that the non-diagonal elements w,,, tend to zero as the relative importance 
of these interactions decreases, and therefore as the number of particles in the subsystems 
increases. 
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To formulate mathematically this “quantum microcanonical distribution” 
we must use the following device. The energy spectra of macroscopic bodies 
being “almost continuous”, we make use of the concept of the number of 
quantum states of a closed system which “belong” to a particular infinitesimal 
range of values of its energy.’ We denote this number by dJ’; it plays a part 
analogous to that of the phase volume element dp dg in the classical case. 

If we regard a closed system as consisting of subsystems, and neglect the 
interaction of the latter, every state of the whole system can be described by 
specifying the states of the individual subsystems, and the number dl is a 


product 
dr = ITdI, (6.5) 


of the numbers dJ", of the quantum states of the subsystems (such that the 
sum of the energies of the subsystems lies in the specified interval of energy 
of the whole system). 

We can now formulate the microcanonical distribution analogously to the 
classical expression (4.6), writing 


dw = constant X 6(E—E,) 7d, (6.6) 
a 


for the probability dw of finding the system in any of the d/’ states. 


§7. Entropy 


Let us consider a closed system for a period of time long compared with 
its relaxation time; this implies that the system is in complete statistical 
equilibrium. 

The following discussion will be given first of all for quantum statistics. 
Let us divide the system into a large number of macroscopic parts (sub- 
systems) and consider any one of them. Let w,, be the distribution function 
for this subsystem; to simplify the formulae we shall at present omit from w,, 
(and other quantities) the suffix indicating the subsystem. By means of the 
function w, we can, in particular, calculate the probability distribution of 
the various values of the energy E of the subsystem. We have seen that w,, 
may be written as a function of the energy alone, w, = w(E,,) (6.4). In order 
to obtain the probability W(E) dE that the subsystem has an energy between 
E and E+dE, we must multiply w(£) by the number of quantum states with 
energies in this interval; here we use the same idea of a “broadened” energy 
spectrum as was mentioned at the end of §6. Let /(E) denote the number of 
quantum states with energies less than or equal to E. Then the required 

t It will be remembered that in §4 we agreed to ignore entirely the momentum and angular 


momentum of the system as a whole, for which purpose it is sufficient to consider a system 
enclosed in a rigid “box” with co-ordinates such that the box is at rest. 


§7 Entropy 23 


number of states with energy between £ and E+ dE can be written 


ar) 
dE oe 


and the energy probability distribution is 


dI(E 
ME) =O we), 7.1) 
The normalisation condition 
| W(E)dE = 1 


signifies geometrically that the area under the curve W = W(E) is unity. 

In accordance with the general statements in §1, the function W(E) has a 
very sharp maximum at E = £, being appreciably different from zero only 
in the immediate neighbourhood of this point. We may define the “width” 
AE of the curve W = W(E) as the width of a rectangle whose height is equal 
to the value of the function W(E) at the maximum and whose area is unity: 


WE) AE = 1. (7.2) 
Using the expression (7.1), we can write this definition as 
WE) AT = 1, (7.3) 
where 
__ AE) 
A = ap 4E (7.4) 


is the number of quantum states corresponding to the interval JE of energy. 
The quantity JI thus defined may be said to represent the “degree of broad- 
ening” of the macroscopic state of the subsystem with respect to its micro- 
scopic states. The interval AE is equal in order of magnitude to the mean 
fluctuation of energy of the subsystem. 

These definitions can be immediately applied to classical statistics, except 
that the function w(£) must be replaced by the classical distribution function 
o, and AI by the volume of the part of phase space defined by the form a 


o(E) Ap Ag = 1. (7.5) 


The phase volume Ap Aq, like AJ’, represents the size of the region of phase 
space in which the subsystem will almost always be found. 

It is not difficult to establish the relation between AI in quantum theory 
and Ap Ag in the limit of classical theory. In the quasi-classical case, which is 
close to classical mechanics, a correspondence can be set up between the vol- 
ume of a region of phase space and the “corresponding” number of quantum 
states': we can say that a “cell” of volume (27/)* (where s is the number of 


t See Quantum Mechanics, §48. 
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degrees of freedom of the system) “corresponds” in phase space to each 
quantum state. It is therefore clear that in the quasi-classical case the number 
of states JI’ may be written 


AD = Ap Aq|(2nh)s, (7.6) 


where s is the number of degrees of freedom of the subsystem considered. 
This formula gives the required relation between AI and ApJAq. 

The quantity AI is called the statistical weight of the macroscopic state of 
the subsystem, and its logarithm 


S =log MI (7.7) 


is called the entropy of the subsystem. In the case of classical statistics the 


corresponding expression is 
ApAq 
S = log (nhs (7.8) 
The entropy thus defined is dimensionless, like the statistical weight itself. 
Since the number of states AI is not less than unity, the entropy cannot be 
negative. The concept of entropy is one of the most important in statistical 
physics. 

It is apposite to mention that, if we adhere strictly to the standpoint of 
classical statistics, the concept of the “number of microscopic states’”’ cannot 
be defined at all, and we should have to define the statistical weight simply as 
ApAg. But this quantity, like any volume in phase space, has the dimensions 
of the product of s momenta and s co-ordinates, i.e. the sth power of action 
((erg-sec)*). The entropy, defined as log Ap4q, would then have the peculiar 
dimensions of the logarithm of action. This means that the entropy would 
change by an additive constant when the unit of action changed: if the unit 
were changed by a factor a, Ap4q would become a*ApAq, and log 4pAq would 
become log ApAq+s log a. In purely classical statistics, therefore, the entropy 
is defined only to within an additive constant which depends on the choice 
of units, and only differences of entropy, i.e. changes of entropy in a given 
process, are definite quantities independent of the choice of units. 

This accounts for the appearance of the quantum constant A in the defi- 
nition (7.8) of the entropy for classical statistics. Only the concept of the 
number of discrete quantum states, which necessarily involves a non-zero 
quantum constant, enables us to define a dimensionless statistical weight and 
so to give an unambiguous definition of the entropy. 

We may write the definition of the entropy in another form, expressing 
it directly in terms of the distribution function. According to (6.4), the loga- 
rithm of the distribution function of a subsystem has the form 


log w(E,) = «+ 8E,. 
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Since this expression is linear in E,,, the quantity 
log w(E) = «+ BE 


can be written as the mean value log w(E,). The entropy S = log 4I' = 
— log w(E) (from (7.3)) can therefore be written 


S = — log w(£,), (7.9) 


i.e. the entropy can be defined as minus the mean logarithm of the distribu- 
tion function of the subsystem. From the significance of the mean value, 


S= — )' w, log wy; (7.10) 
n 


this expression can be written in a general operator form independent of the 
choice of the set of wave functions with respect to which the statistical 
- matrix elements are defined :* 


S = — tr (w log #). (7.11) 
Similarly, in classical statistics, the definition of the entropy can be written 


S = — log [(22%)*0] 


— | o log [(2nh)*0] dp dg. (7.12) 


Let us now return to the closed system as a whole, and let 471, Als, ... 
be the statistical weights of its various subsystems. If each of the subsystems 
can be in one of 4", quantum states, this gives 


AD =I Ar, (7.13) 


as the number of different states of the whole system. This is called the statis- 
tical weight of the closed system, and its logarithm is the entropy S of the 
system. Clearly 
S=)S,, (7.14) 
a 


i.e. the entropy thus defined is additive: the entropy of a composite system is 
equal to the sum of the entropies of its parts. 

For a clear understanding of the way in which entropy is defined, it is 
important to bear in mind the following point. The entropy of a closed system. 
(whose total energy we denote by Eo) in complete statistical equilibrium can 
also be defined directly, without dividing the system into subsystems. To do 
this, we imagine that the system considered is actually only a small part of a 


tIn accordance with the general rules, the operator log # must be understood as an 
operator whose eigenvalues are equal to the logarithms of the eigenvalues of the operator 
#, and whose eigenfunctions are the same as those of ®. 
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fictitious very large system (called in this connection a thermostat or heat 
bath). The thermostat is assumed to be in complete equilibrium, in such a 
way that the mean energy of the system considered (which is now a non- 
closed subsystem of the thermostat) is equal to its actual energy Eo. Then we 
can formally assign to the system a distribution function of the same form as 
for any subsystem of it, and by means of this distribution determine its statis- 
tical weight AJ’, and therefore the entropy, directly from the same formulae 
(7.3)-(7.12) as were used for subsystems. It is clear that the presence of the 
thermostat has no effect on the statistical properties of individual small parts 
(subsystems) of the system considered, which in any case are not closed and 
are in equilibrium with the remaining parts of the system. The presence of 
the thermostat therefore does not alter the statistical weights JJ’, of these 
parts, and the statistical weight defined in the way just described will be the 
same as that previously defined as the product (7.13). . 

So far we have assumed that the closed system is in complete statistical 
equilibrium. We must now generalise the above definitions to systems in 
arbitrary macroscopic states (partial equilibria). 

Let us suppose that the system is in some state of partial equilibrium, and 
consider it over time intervals 4t which are small compared with the relaxation 
time for complete equilibrium. Then the entropy must be defined as follows. 
We imagine the system divided into parts so small that their respective relax- 
ation times are small compared with the intervals Jt (remembering that the 
relaxation times in general decrease with decreasing size of the system). 
During the time At such systems may be regarded as being in their own partic- 
ular equilibrium states, described by certain distribution functions. We can 
therefore apply to them the previous definition of the statistical weights 4I’,, 
and so calculate their entropies S,. The statistical weight AI’ of the whole 
system is then defined as the product (7.13), and the corresponding entropy S 
as the sum of the entropies S,. 

It should be emphasised, however, that the entropy of a non-equilibrium 
system, defined in this way as the sum of the entropies of its parts (satis- 
fying the above condition), cannot now be calculated by means of the ther- 
mostat concept without dividing the system into parts. At the same time this 
definition is unambiguous in the sense that further division of the subsystems 
into even smaller parts does not alter the value of the entropy, since each 
subsystem is already in “complete” internal equilibrium. 

In particular, attention should be drawn to the significance of time in the 
definition of entropy. The entropy is a quantity which describes the average 
properties of a body over some non-zero interval of time At. If At is given, to 
determine S we must imagine the body divided into parts so small that their 
relaxation times are small in comparison with At. Since these parts must also 
themselves be macroscopic, it is clear that when the intervals At are too short 
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the concept of entropy becomes meaningless; in particular, we cannot speak 
of its instantaneous value. 

Having thus given a complete definition of the entropy, let us now ascertain 
the most important properties and the fundamental physical significance of 
this quantity. To do so, we must make use of the microcanonical distribution, 
according to which a distribution function of the form (6.6) may be used to 
describe the statistical properties of a closed system: 


dw = constant X 6 (E—E,)-IT diy. 
a 


Here d/', may be taken as the differential of the function I’,(E,), which rep- 
resents the number of quantum states of a subsystem with energies less than 
or equal to E,. We can write dw as 


dw = constant X 6(E—E,)- II (dI°,/dE,) dE,. (7.15) 
a 


The statistical weight AI”,, by definition, is a function of the mean energy E, 
of the subsystem; the same applies to S, = S,(E,). Let us now formally re- 
gard AI’, and S, as functions of the actual energy E, (the same functions as 
they really are of £,). Then we can replace the derivatives dJ',(E,)/dE, in 
(7.15) by the ratios AI’,/4E,, where AI’, is a function of E, in this sense, and 
AE, the interval of energy corresponding to AI’, (also a function of E,). Fi- 
nally, replacing 4, by e&«@), we obtain 


dw = constant X 6(E—E,)eSIJ dE,/AE,, (7.16) 
a 


where 


S =) S.(Ea) 


is the entropy of the whole closed system, regarded as a function of the exact 
values of the energies of its parts. The factor eS, whose exponent is an additive 
quantity, is a very rapidly varying function of the energies E,. In comparison 
with this function, the energy dependence of the quantity J7 AE, is quite un- 
important, and we can therefore replace (7.16) with very high accuracy by 


dw = constant X 6(E—E,)eS/T dE,. (7.17) 
a 


But dw expressed in a form proportional to the product of all the differential- 
dE, is just the probability that all the subsystems have energies in given inters 
vals between E, and E,+dE,. Thus we see that this probability is determined 
by the entropy of the system as a function of the energies of the subsystems; 
the factor 6(Z — Eo) ensures that the sum E = ) 'E, has the given value Ep of the 
energy of the system. This property of the entropy, as we shall see later, is the 
basis of its applications in statistical physics. 
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We know that the most probable values of the energies E, are their mean val- 
ues £,. This means that the function S(E1, Eo, ...) must have its maximum . 
possible value (for a given value of the sum )’ E, = Eo) when E, = E,. But 
the £, are just the values of the energies of the subsystems which correspond 
to complete statistical equilibrium of the system. Thus we reach the important 
conclusion that the entropy of a closed system in a state of complete statistical 
equilibrium has its greatest possible value (for a given energy of the system). 

Finally, we may mention another interesting interpretation of the function 
S = S(E), the entropy of any subsystem or closed system; in the latter case it 
is assumed that the system is in complete equilibrium, so that its entropy may 
be expressed as a function of its total energy alone. The statistical weight 
AT = e§), by definition, is the number of energy levels in the interval 4E 
which describes in a certain way the width of the energy probability distribu- 
tion. Dividing JE by AI, we obtain the mean separation between adjoining 
levels in this interval (near the energy E) of the energy spectrum of the system 
considered. Denoting this distance by D(E), we can write 


D(E) = AE-e-5€), (7.18) 


Thus the function S(E) determines the density of levels in the energy spectrum 
of a macroscopic system. Since the entropy is additive, we can say that the 
mean separations between the levels of a macroscopic body decrease exponen- 
tially with increasing size of the body (i.e. with increasing number of particles 
in it). 


§8. The law of increase of entropy 


If a closed system is not in a state of statistical equilibrium, its macroscopic 
state will vary in time, until ultimately the system reaches a state of complete 
equilibrium. If each macroscopic state of the system is described by the distri- 
bution of energy between the various subsystems, we can say that the sequence 
of states successively traversed by the system corresponds to more and more 
probable distributions of energy. This increase in probability is in general very 
considerable, because it is exponential, as shown in §7. We have seen that the 
probability is given by eS, the exponent being an additive quantity, the en- 
tropy of the system. We can therefore say that the processes occurring in a non- 
equilibrium closed system do so in such a way that the system continually pas- 
ses from states of lower to those of higher entropy until finally the entropy 
reaches the maximum possible value, corresponding to complete statistical 
equilibrium. 

Thus, if a closed system is at some instant in a non-equilibrium macroscopic 
state, the most probable consequence at later instants isa steady increase in 
the entropy of the system. This is the /aw of increase of entropy or second law 
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of thermodynamics, discovered by CLAUSIUS; its statistical explanation was 
given by BOLTZMANN. 

In speaking of the “most probable” consequence, we must remember that 
in reality the probability of transition to states of higher entropy is so enor- 
mous in comparison with that of any appreciable decrease in entropy that in 
practice the latter can never be observed in Nature. Ignoring decreases in en- 
tropy due to negligible fluctuations, we can therefore formulate the law of in- 
crease of entropy as follows: if at some instant the entropy of aclosed system 
does not have its maximum value, then at subsequent instants the entropy 
will not decrease; it will increase or at least remain constant. 

There is no doubt that the foregoing simple formulations accord with real- 
ity; they are confirmed by all our everyday observations. But when we con- 
sider more closely the problem of the physical nature and origin of these laws 
of behaviour, substantial difficulties arise, which to some extent have not 
yet been overcome. 

Firstly, if we attempt to apply statistical physics to the entire Universe, re- 
garded as a single closed system, we immediately encounter a glaring contra- 
diction between theory and experiment. According to the results of statistics, 
the universe ought to be in a state of complete statistical equilibrium. More 
precisely, any finite region of it, however large, should have a finite relaxation 
time and should be in equilibrium. Everyday experience shows us, however, 
that the properties of Nature bear no resemblance to those of an equilibrium 
system; and astronomical results show that the same is true throughout the 
vast region of the Universe accessible to our observation. 

We might try to overcome this contradiction by supposing that the part of 
the Universe which we observe is just some huge fluctuation in a system which 
is in equilibrium as a whole. The fact that we have been able to observe this 
huge fluctuation might be explained by supposing that the existence of such a 
fluctuation is a necessary condition for the existence of an observer (a condition 
for the occurrence of biological evolution). This argument, however, is easily 
disproved, since a fluctuation within, say, the volume of the solar system only 
would be very much more probable, and would be sufficient to allow the 
existence of an observer. 

The escape from this contradiction is to be sought in the general theory of 
relativity. The reason is that, when large regions of the Universe are consider- 
ed, the gravitational fields present become important. According to the gen- 
eral theory of relativity, these fields are just a change in the space-time metric, 
described by the metric tensor g,,. When the statistical properties of bodies are 
discussed, the metric properties of space-time may in a sense be regarded as 
“external conditions” to which the bodies are subject. The statement that a 
closed system must, over a sufficiently long time, reach a state of equilibrium, 
applies of course only to a system in steady external conditions. The metric 
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tensor g,, is in general a function not only of the co-ordinates but also of time, 
so that the “external conditions” are by no means steady in this case. Here it 
is important that the gravitational field cannot itself be included in a closed 
system, since the conservation laws which are, as we have seen, the foundation 
of statistical physics would then reduce to identities. For this reason, in the 
general theory of relativity, the Universe as a whole must be regarded not asa 
closed system but as a system in a variable gravitational field. Consequently 
the application of the law of increase of entropy does not prove that statistical 
equilibrium must necessarily exist. 

Thus this aspect of the problem of the Universe as a whole indicates the 
physical basis of the apparent contradictions. There are, however, other diffi- 
culties in understanding the physical nature of the law of increase of entropy. 

Classical mechanics itself is entirely symmetrical with respect to the two 
directions of time. The equations of mechanics remain unaltered when the 
time ¢ is replaced by — ¢; if these equations allow any particular motion, they 
will therefore allow the reverse motion, in which the mechanical system pas- 
ses through the same configurations in the reverse order. This symmetry must 
naturally be preserved in a statistics based on classical mechanics. Hence, if 
any particular process is possible which is accompanied by an increase in the 
entropy of a closed macroscopic system, the reverse process must also be pos- 
sible, in which the entropy of the system decreases. The formulation of the 
law of increase of entropy given above does not itself contradict this symmetry, 
since it refers only to the most probable consequence of a macroscopically 
described state. In other words, if some non-equilibrium macroscopic state is 
given, the law of increase of entropy asserts only that, out of all the microscop- 
ic states which meet the given macroscopic description, the great majority 
lead to an increase of entropy at subsequent instants. 

A contradiction arises, however, if we look at another aspect of the prob- 
lem. In formulating the law of increase of entropy, we have referred to the 
most probable consequence of a macroscopic state given at some instant. But 
this state must itself have resulted from some other states by means of proces- 
ses occurring in Nature. The symmetry with respect to the two directions of 
time means that, in any macroscopic state arbitrarily selected at some instant 
t = to, we can say not only that much the most probable consequence at 
t > tois an increase in entropy, but also that much the most probable origin of 
the state was from states of greater entropy; that is, the presence of a minimum 
of entropy as a function of time at the arbitrarily chosen instant t = fo is much 
the most probable. 

This assertion, of course, is not at all equivalent to the law of increase of 
entropy, according to which the entropy never decreases (apart from entirely 
negligible fluctuations) in any closed systems which actually occur in Nature. 
And it is precisely this general formulation of the law of increase of entropy 
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which is confirmed by all natural phenomena. It must be emphasised that it is 
certainly not equivalent to the formulation given at the beginning of this 
section, as it might appear to be. In order to derive one formulation from the 
other, it would be necessary to use the concept of an observer who artificially 
“creates’’ a closed system at some instant, so that the problem of its previous 
behaviour does not arise. Such a dependence of the laws of physics on the 
nature of an observer is quite inadmissible, of course. 

At the present time it is not certain whether the law of increase of entropy 
thus formulated can be derived on the basis of classical mechanics. It may be 
noted that, because the equations of classical mechanics are invariant under 
time reversal, we can consider only the deduction that the entropy varies mo- 
notonically. In order to derive a law of monotonic increase, we should have 
to define the future as the direction of time in which the entropy increases, and 
the problem would then arise of proving that this definition of the future and 
the past is the same as the definition used in quantum mechanics (see below). 

It is more reasonable to suppose that the law of increase of entropy in the 
above general formulation arises from quantum effects. 

The fundamental equation of quantum mechanics, namely SCHRODINGER’S 
equation, is itself symmetrical under time reversal, provided that the wave 
function ¥ is also replaced by ¥*. This means that, if at some instant t = t; the 
wave function Y = Y(t) is given, and if according to SCHRODINGER’s equation 
it should become ¥(t2) at some other instant f2, then the change from Y(t) to 
(te) is reversible; in other words, if Y% = ¥*(t,) at the initial instant ¢1, then 
y= PF(t) at fo. 

However, despite this symmetry, quantum mechanics does in fact involve an 
important non-equivalence of the two directions of time. This appears in con- 
nection with the interaction of a quantum object with a system which with 
sufficient accuracy obeys the laws of classical mechanics, a process of funda- 
mental significance in quantum mechanics. If two interactions A and B with 
a given quantum object occur in succession, then the statement that the pro- 
bability of any particular result of process B is determined by the result of 
process A can be valid only if process A occurred earlier than process B.* 

Thus in quantum mechanics there is a physical non-equivalence of the two 
directions of time, and the “macroscopic’’ expression of this may in fact be the 
law of increase of entropy. Up to the present, however, this relation has not 
been at all convincingly shown to exist in reality. If this is indeed the origin 
of the law of increase of entropy, there must exist an inequality involving the 
quantum constant # which ensures the validity of the law and is satisfied in 
the real world (and probably satisfied by a very wide margin). 

Summarising, we may repeat the general formulation of the law of increase 
of entropy: in all closed systems which occur in Nature, the entropy never 

t See also Quantum Mechanics, §7. 
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decreases; it increases, or at least remains constant. In accordance with these 
two possibilities, all processes involving macroscopic bodies are customarily 
divided into irreversible and reversible processes. The former comprise those 
which are accompanied by an increase of entropy of the whole closed system; 
the reverse processes cannot occur, since the entropy would then have to 
decrease. Reversible processes are those in which the entropy of the closed 
system remains constant’, and which can therefore take place in the reverse 
direction. A strictly reversible process is, of course, an ideal limiting case; 
processes actually occurring in Nature can be reversible only to within a cer- 
tain degree of approximation. 


t It must be emphasised that the entropies of the individual parts of the system need not 
remain constant also. 


CHAPTER II 


THERMODYNAMIC QUANTITIES 


§9. Temperature 


Thermodynamic physical quantities are those which describe macroscopic 
states of bodies. They include some which have both a thermodynamic and a 
purely mechanical significance, such as energy and volume. There are also, 
however, quantities of another kind, which appear as a result of purely 
statistical laws and have no meaning when applied to non-macroscopic 
systems, for example entropy. 

In what follows we shall define a number of relations between thermo- 
dynamic quantities which hold good whatever the particular bodies to which 
these quantities relate. These are called thermodynamic relations. 

When thermodynamic quantities are discussed, the negligible fluctuations 
to which they are subject are usually of no interest. Accordingly, we shall 
entirely ignore such fluctuations, and regard the thermodynamic quantities as 
varying only with the macroscopic state of the body.' 

Let us consider two bodies in thermal equilibrium with each other, forming 
a closed system. Then the entropy S of this system has its maximum value 
(for a given energy E of the system). The energy E is the sum of the energies 
E; and Ez of the two bodies: E = E,+E,2. The same applies to the entropy S 
of the system, and the entropy of each body is a function of its energy: 
S = S,(E,)+ S2o(E2). Since Ez = E—E,, E being a constant, S is really a 
function of one independent variable, and the necessary condition for a 
maximum may be written 

dS dS _ dS, dE, 
dE, ~ dB," dE, dE; 
— dS: dS: _ 
~ dE, dE, ”’ 
whence 
dS;/dE; = dS2/dE2. 


This conclusion can easily be generalised to any number of bodies in equi- 
librium with one another. 


t Fluctuations of thermodynamic quantities will be discussed in a separate chapter 
(Chapter XII). 
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Thus, if a system is in a state of thermodynamic equilibrium, the derivative 
of the entropy with respect to the energy is the same for every part of it, i.e. 
is constant throughout the system. A quantity which is the reciprocal of the 
derivative of the entropy S of a body with respect to its energy E is called 
the absolute temperature T (or simply the temperature) of the body: 


dS/dE = 1/T. (9.1) 


The temperatures of bodies in equilibrium with one another are therefore 
equal: 7; = To. 

Like the entropy, the temperature is seen to be a purely statistical quantity, 
which has meaning only for macroscopic bodies. 

Let us next consider two bodies forming a closed system but not in equi- 
librium with each other. Their temperatures T, and 72 are then different. 
In the course of time, equilibrium will be established between the bodies, 
tand their temperatures will gradually become equal. During this process, 
heir total entropy S = Si+S, must increase, i.e. its time derivative is posi- 
tive: 

dS dSi dSe 

de dt dt 
= dS; dE, dS2 dE» 
~ dE; dt "dE, dt 


Since the total energy is conserved, dE,/dt+dE2/dt = 0, and so 


dt dt — dt 


> 0. 


> 0. 


dE; dE, 


Ti Te 


Let the temperature of the second body be greater than that of the first 
(T2 > Ti). Then dE,/dt > 0, and d£2/dt < 0. In other words, the energy 
of the second body decreases and that of the first increases. This property 
of the temperature may be formulated as follows: energy passes from bodies 
at higher temperature to bodies at lower temperature. 

The entropy S is a dimensionless quantity. The definition (9.1) therefore 
shows that the temperature has the dimensions of energy, and so can be 
measured in energy units, for example ergs. In ordinary circumstances, 
however, the erg is too large a quantity, and in practice the temperature is 
customarily measured in its own units, called degrees Kelvin or simply degrees. 
The conversion factor between ergs and degrees, i.e. the number of ergs 
per degree, is called Boltzmann’s constant and is usually denoted by k; its 
value ist 

k = 1.38X10 16 erg/deg. 


tFor reference, we may also give the conversion coefficient between degrees and electron- 
volts: 


leV = 11,606 deg. 
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In all subsequent formulae the temperature will be assumed measured in 
energy units. To convert to the temperature measured in degrees, in numerical 
calculations, we need only replace T by kT. The continual use of the factor k, 
whose only purpose is to indicate the conventional units of temperature 
measurement, would merely complicate the formulae. 

If the temperature is in degrees, the factor k is usually included in the 


definition of entropy: 
S=klogAl, (9.2) 


instead of (7.7), in order to avoid the appearance of k in the general relations 
of thermodynamics. Then formula (9.1) defining the temperature, and there- 
fore all the general thermodynamic relations derived subsequently in this 
chapter, are unaffected by the change to degrees. 

Thus the rule for conversion to degrees is to substitute in all formulae 


T+kT, S + S/k. (9.3) 


§10. Macroscopic motion 


As distinct from the microscopic motion of molecules, the macroscopic 
motion is that in which the various macroscopic parts of a body participate as 
a whole. Let us consider the possibility of macroscopic motion in a state of 
thermodynamic equilibrium. 

Let the body be divided into a large number of small (but macroscopic) 
parts, and let M,, £, and P, denote the mass, energy and momentum of the 
ath part. The entropy S, of each part is a function of its internal energy, 
i.e. the difference between its total energy £, and the kinetic energy P?/2M, 
of its macroscopic motion.' The total entropy of the body can therefore be 


written 
S= » S,(E,—P2/2M,). (10.1) 


We shall assume that the body is a closed system. Then its total momentum 
and angular momentum are conserved, as well as its energy: 


)'P, = constant, )'r,xP,= constant, (10.2) 
a a 


where r, is the radius vector of the ath part. In a state of equilibrium, the 
total entropy S of the body as a function of the momenta P, has a maximum 
subject to the conditions (10.2). Using the familiar LAGRANGE’s method of 
_undetermined multipliers, we find the necessary conditions for a maximum 


+ The fact that the entropy of a body is a function only of its internal energy follows at 
once from GALILEO’s relativity principle; the number of quantum states, and therefore 
the statistical weight (whose logarithm is the entropy), must be the same in all inertial 
frames of reference, and in particular that in which the body is at rest. 
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by equating to zero the derivatives with respect to P,, of the sum 


Y {SatasP,+ ber, XP,}, (10.3) 
a 
where a and b are constant vectors. Differentiation of S, with respect to P, 
gives’, by the definition of the temperature, 


) a P, Wy 
@P, (fo- 54) “"MT T° 


where v, = P,/M, is the velocity of the ath part of the body. Differentiation 
of (10.3) therefore gives 
—v,/T+a+bxXr, = 0, 
or 
Vv, = ut+2Xr,, (10.4) 


where u = Ta and 2 = Tb are constant vectors. 

This result has a simple physical significance. If the velocities of all the 
parts of a body are given by formula (10.4) with the same u and Q, this means 
that we have a translational motion of the body as a whole with constant 
velocity u and a rotation of the body as a whole with constant angular 
velocity 2. Thus we arrive at the important result that in thermodynamic 
equilibrium a closed system can execute only a uniform translational and 
rotational motion as a whole. No internal macroscopic motion is possible in 
a state of equilibrium. 

In what follows we shall usually consider bodies at rest, and the energy 
E will accordingly be the internal energy of the body. 

So far we have made use only of the necessary condition for a maximum 
of entropy as a function of the momenta, but not of the sufficient condition to 
be imposed on the second derivatives. It is easy to see that the latter condition 
leads to the very important result that the temperature must be positive: 
T > 0.4 To deduce this, it is not in fact necessary to calculate the second 
derivatives; instead, we can argue as follows. 

Let us consider a body forming a closed system, at rest as a whole. If the 
temperature were negative, the entropy would increase with decreasing argu- 
ment. Since the entropy tends to increase, the body would spontaneously 
seek to break up into dispersing parts (with total momentum )’P, = 0), 
so that the argument of each S, in the sum (10.1) should take its least possible 
value. In other words, bodies in equilibrium could not exist with T < 0. 


t The derivative with respect to a vector is to be understood as another vector whose 
components are equal to the derivatives with respect to the components of the first vector. 
{ The temperature T = 0 (absolute zero) corresponds to —273.15 °C, 
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The following point should be noted, however. Although the temperature 
of a body or any part of it can never be negative, there may exist incomplete 
equilibria in which the temperature corresponding to a particular group of 
degrees of freedom of the body is negative. This is further discussed in §71. 


§11. Adiabatic processes 


Among the various kinds of external interactions to which a body is 
subject, those which consist in a change in the external conditions form a 
special group. By “external conditions” we mean in a wide sense various 
external fields. In practice the external conditions are most often determined 
by the fact that the body must have a prescribed volume. In one sense this 
case may also be regarded as a particular type of external field, since the walls 
which limit the volume are equivalent in effect to a potential barrier which 
prevents the molecules in the body from escaping. 

If the body is subject to no interactions other than changes in external 
conditions, it is said to be thermally isolated. It must be emphasised that, 
although a thermally isolated body does not interact directly with any other 
bodies, it is not in general a closed system, and its energy may vary with 
time. 

In a purely mechanical way, a thermally isolated body differs from a 
closed system only in that its Hamiltonian (the energy) depends explicitly 
on the time: E = E(p, q, t), because of the variable external field. If the 
body also interacted directly with other bodies, it would have no Hamiltonian 
of its own, since the interaction would depend not only on the co-ordinates 
of the molecules of the body in question but also on those of the molecules in 
the other bodies. 

This leads to the result that the law of increase of entropy is valid not 
only for closed systems but also for a thermally isolated body, since here 
we regard the external field as a completely specified function of co-ordinates 
and time, and in particular neglect the reaction of the body on the field. 
That is, the field is a purely mechanical and not a statistical object, whose 
entropy can in this sense be taken as zero. This proves the foregoing statement. 

Let us suppose that a body is thermally isolated, and is subject to external 
conditions which vary sufficiently slowly. Such a process is said to be adiabatic. 
We shall show that, in an adiabatic process, the entropy of the body remains 
unchanged, i.e. the process is reversible. 

We shall describe the external conditions by certain parameters which 
are given functions of time. For example, suppose that there is only one 
such parameter, which we denote by 4. The time derivative dS/dt of the 
entropy will depend in some manner on the rate of variation dA/dt of the 
parameter A. Since dA/dt is small, we can expand dS/dt in powers of dA/dt. 
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The zero-order term in this expansion, which does not involve dA/dt, is zero, 
since if dA/dt = 0 then dS/dt = 0 also, because the entropy of a closed system 
in thermodynamic equilibrium must remain constant under constant external 
conditions. The first-order term, which is proportional to dA/dt, must also 
be zero, since this term changes sign with dA/dt, whereas dS/dt is always 
positive, according to the law of increase of entropy. Hence it follows that 
the expansion of dS/dt begins with the second-order term, i.e. for small 
dA/dt we have 
dS/dt = A(dA/dt)?, 

or 


dS/da = A da/dt. 


Thus, when dA/dz tends to zero, so does dS/dA, which proves that the adia- 
batic process is reversible. 

It must be emphasised that, although an adiabatic process is reversible, 
not every reversible process is adiabatic. The condition for a process to be 
reversible requires only that the total entropy of the whole of a closed system 
be constant, while the entropies of its individual parts may either increase 
or decrease. In an adiabatic process, a stronger condition holds: the entropy 
of a body which is only a part of a closed system also remains constant. 

We have defined an adiabatic process as one which is sufficiently slow. 
More precisely, we can say that the external conditions must change so slowly 
that at any instant the body may be regarded as being in a state of equilibrium 
corresponding to the prevailing external conditions. That is, the process 
must be slow in comparison with the processes leading to the establishment of 
equilibrium in the body concerned.* 

We may derive a formula to calculate by a purely thermodynamic method 
various mean values. To do so, we assume that a body undergoes an adiabatic 
process, and determine the time derivative dE/dt of its energy. By definition, 
the thermodynamic energy is 


E= E(p, q; 4), 


where E(p, g; A) is the Hamiltonian of the body, depending on A as a para- | 
meter. We know from mechanics that the total time derivative of the | 


t In practice this may be a very weak condition, so that the “slow” adiabatic process may 
be quite a “fast” one. For example, in the expansion of a gas, say in a cylinder with a 
piston moving outwards, the speed of the piston need be small only compared with the 
velocity of sound in the gas, i.e. it may in practice be very large. 

In general textbooks on physics an adiabatic expansion (or compression) is often defined 
as one which is “sufficiently rapid”. This refers to a different aspect of the problem: the 
process must occur so rapidly that the body cannot exchange heat with the surrounding 
medium. Thus the condition in question is one which will in practice ensure that the body 
is thermally isolated, and the condition of slowness compared with processes leading to 
the establishment of equilibrium is tacitly assumed satisfied. 
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Hamiltonian is equal to its partial time derivative’: 


dE(p,q;4) _ SE(p, 9; 4) 
dt Ot ; 


In the present case E(p, q; 4) depends explicitly on the time through A(t), and 
we can therefore write 


dE(p,q34) _ OE(p,q; 4) da 
dt oA dt” 


Since the operations of averaging over the statistical distribution and differ- 
entiating with respect to time can clearly be interchanged, we have 


dE dE(p,q;4) _ OE(p,q34) dA, 


dt dt OA dt’ (11.1) 


the derivative dA/dt is a given function of time, and can be taken outside the 
averaging. 

It is very important that, since the process is adiabatic, the mean value of 
the derivative OE(p, g; A)/dA in (11.1) can be taken as the mean value over 
the statistical distribution corresponding to equilibrium for a given value of 
the parameter A, i.e. for the external conditions prevailing at a given instant. 

The derivative dE/dt can also be written in another form by regarding the 
thermodynamic quantity E as a function of the entropy S of the body and 
the external parameters A. Since, in an adiabatic process, the entropy S re- 


mains constant, we have 
dE CE\ da 
dt = (az). dt’ (11.2) 


where the subscript to the parenthesis indicates that the derivative is taken 
for constant S. 
Comparison of (11.1) and (11.2) shows that 


OE(p,q;4) _ (SE 
SFP 1) (az). (11.3) 


This is the required formula. It enables us to calculate thermodynamically 
the mean values (over the equilibrium statistical distribution) of quantities of 
the form OEF(p, q; A)/OA. Such quantities are continually encountered when 
studying the properties of macroscopic bodies, and in consequence formula 
(11.3) is of great importance in statistical physics. It appears in the calculation 
of various forces acting on a body (the parameters / being the co-ordinates of 


t See Mechanics, §40. 
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a particular part of the body; see §12), the calculation of the magnetic or 
electric moment of bodies (the parameters A being the magnetic or electric 
field strengths), and so on. 

The arguments given here for classical mechanics are entirely applicable to 
the quantum theory, except that the energy E(p, g; 4) must be everywhere 
replaced by the Hamiltonian operator A. Then formula (11.3) becomes 


0H (E 
ore (F) (11.4) 


the bar denoting complete statistical averaging (which automatically includes 
the quantum averaging). 


§12. Pressure 


The energy E of a body, as a thermodynamic quantity, has the property of 
being additive: the energy of the body is equal to the sum of the energies of 
its individual (macroscopic) parts.t Another fundamental thermodynamic 
quantity, the entropy, also has this property. 

The additivity of the energy and the entropy leads to the following very 
important result. If a body is in thermal equilibrium, we can say that, for a 
given energy, the entropy depends only on the volume of the body, and not 
on its shape; the same is true of the energy for a given entropy.t For a change 
in the shape of the body can be regarded as a rearrangement of its individual 
parts, and so the entropy and energy, being additive, will remain unchanged. 
Here, of course, it is assumed that the body is not in an external field of force, 
so that the motion of the parts of the body in space does not involve a change 
in their energy. 

Thus the macroscopic state of a body at rest in equilibrium is entirely 
determined by only two quantities, for example the volume and the energy. 
All other thermodynamic quantities can be expressed as functions of these 
two. Of course, because of this mutual dependence of the various thermodynam- 
ic quantities, any other pair could be regarded as the independent variables. 

Let us now calculate the force exerted by a body on the surface bounding 
its volume. According to the formulae of mechanics, the force acting on a 


t Insofar as we neglect the energy of interaction of these parts; this is not permissible if 
we are interested in effects arising from the presence of interfaces between different bodies. 
Chapter XV deals with this topic. 

ft It should be mentioned that these statements are applicable in practice to liquids and 
gases but not to solids. A change in shape (deformation) of a solid involves the doing of 
work, so that the energy of the body is changed. This is because the deformed state of the 
solid is, strictly speaking, an incomplete thermodynamic equilibrium (but the relaxation 
time for the establishment of complete equilibrium is so long that in many respects the 
deformed body behaves as if in equilibrium). 
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surface element ds is 
F = —0E(p, q; r)/0r, 


where E(p, q;1r) is the energy of the body as a function of the co-ordinates 
and momenta of its particles and of the radius vector of the surface element 
considered, which here acts as an external parameter. Averaging this equation 
and using formula (11.3), we obtain 


Fa — SFG") _ - (=) 2 -(%) eV 

>= or — Or)s \OV/s or 

where V is the volume. Since the change in volume is ds-dr, we have 0V/or = 
ds, the surface element, and so 


F = —(0E/OV)gds. 


Hence we see that the mean force on a surface element is normal to the ele- 
ment and proportional to its area (Pascal’s law). The magnitude of the force 


per unit area is 
P = —(OE/OV)g. (12.1) 


This quantity is called the pressure. 

In defining the temperature by formula (9.1) we were essentially consider- 
ing a body which is not in direct contact with any other bodies, and in 
particular is not surrounded by any external medium. Under these conditions 
it was possible to speak of the change in energy and entropy of the body 
without making more specific the nature of the process. In the general case 
of a body in an external medium, or surrounded by the walls of a vessel, 
formula (9.1) must be made more precise. For if during the process the 
volume of the body changes, this will necessarily affect the state of the bodies 
in contact with it, and in order to define the temperature we should have to 
take into consideration at the same time all the bodies in contact (for example, 
both the body in question and the vessel containing it). If it is desired to 
define the temperature in terms of thermodynamic quantities for the given 
body only, its volume must be regarded as constant. In other words, the 
temperature is defined as the derivative of the energy of the body with respect 
to its entropy, taken at constant volume: 


T = (OE/OS)y. (12.2) 


The equations (12.1), (12.2) can also be written together as a relation be- 
tween differentials: 
dE = TdS—P dv. (12.3) 


This is one of the most important relations in thermodynamics. 
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The pressures of bodies in equilibrium with one another are equal. This 
follows immediately from the fact that thermal equilibrium necessarily pre- 
supposes mechanical equilibrium; in other words, the forces exerted on each 
other by any two of these bodies at their surface of contact must be equal in 
magnitude and opposite in direction, and thus balance. 

The equality of pressures in equilibrium can also be derived from the con- 
dition of maximum entropy, in the same way as the equality of temperatures 
was shown in §9. To do this, we consider two parts, in contact, of a closed 
system in equilibrium. One necessary condition for the entropy to be a maxi- 
mum is that it should be a maximum with respect to a change in the volumes 
V, and Ve of these two parts when the states of the other parts undergo no 
change (this means, in particular, that Vit+Ve2 remains constant). If the 
entropies of the two parts are S; and S2, we have 


8S _ OS, 252 Be _ 251 Oe _ 
dV, OV; 'OV,0V, OV; OV, 


From the relation (12.3) in the form 


1 P 
dS = paket a dV 


it is seen that 0S/OV = P/T, and so Pi/T, = P2/T2. Since the temperatures 
T,; and Te are the same in equilibrium, we therefore find that the pressures 
are equal, Py = Po. 

It must be remembered that, when thermal equilibrium is established, the 
equality of pressures (i.e. mechanical equilibrium) is reached much more 
rapidly than that of temperatures, and so cases are often met with in which 
the pressure is constant throughout a body but the temperature is not. The 
reason is that the non-constancy of pressure is due to the presence of uncom- 
pensated forces; these bring about macroscopic motion so as to equalise the 
pressure much more rapidly than the equalisation of temperature, which does 
not involve macroscopic motion. 

It is easy to see that the pressure must be positive in any equilibrium state: 
when P > 0 we have (0S/0V), > 0, and the entropy could increase only by 
an expansion of the body, which is prevented by the surrounding bodies. 
If P < 0, however, then we should have (05/0V), < 0, and the body would 
spontaneously contract so as to increase its entropy. 

There is, however, an important difference between the requirements of 
positive temperature and positive pressure. Bodies of negative temperature 
would be completely unstable and cannot exist in Nature. States (non- 
equilibrium) of negative pressure can exist in Nature with restricted stability. 
The reason is that the spontaneous contraction of the body involves 
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“detaching” it from the walls of the vessel or the formation of cavities within 
it, that is, the formation of a new surface, and this leads to the possibility 
of the existence of negative pressures in what are called metastable states.‘ 


§13. Work and quantity of heat 


The external forces applied to a body can do work on it, which is deter- 
mined, according to the general rules of mechanics, by the products of these 
forces and the displacements which they cause. This work may serve to 
bring the body into a state of macroscopic motion (or in general to change 
its kinetic energy), or to move the body in an external field (for instance, to 
raise it against gravity). We shall, however, be mainly interested in cases 
where the volume of a body is changed as a result of work done on it (i.e. the 
external forces compress the body but leave it at rest as a whole). 

We shall everywhere regard as positive an amount of work R done ona 
given body by external forces. Negative work (R < 0) will correspondingly 
mean that the body itself does work (equal to |R|) on some external objects 
(for example, in expanding). 

Bearing in mind that the force per unit area of the surface of the body is 
the pressure, and that the product of the area of a surface element and its 
displacement is the volume swept out by it, we find that the work done on 
the body per unit time when its volume changes is 


dR/dt = —PdV/dt; (13.1) 


in compression, dV/dt < 0, so that dR/dt > 0. This formula is applicable 
to both reversible and irreversible processes; only one condition need be 
satisfied, namely that throughout the process the body must be in a state of 
mechanical equilibrium, i.e. at each instant the pressure must be constant 
throughout the body. 

If the body is thermally isolated, the whole of the change in its energy is 
due to the work done on it. In the general case of a body not thermally iso- 
lated, in addition to the work done, the body gains or loses energy by direct 
transfer from or to other bodies in contact with it. This part of the change in 
energy is called the quantity of heat Q gained or lost by the body. Thus the 
change in the energy of the body per unit time may be written 


dE dR dQ 


ar =a a: (13.2) 


Like the work, the heat will be regarded as positive if gained by the body 
from external sources. 


tThese are defined in §21. Negative pressures are further discussed in §83. 
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The energy E in (13.2) must, in general, be understood as the total energy 
of the body, including the kinetic energy of its macroscopic motion. We shall, 
however, usually consider the work corresponding to the change in volume 
of a body at rest, in which case the energy reduces to the internal energy of the 
body. 

Under conditions where the work is defined by formula (13.1), we have for 
the quantity of heat 

dQ dE dV 
at drt” a" 
Let us assume that at every instant throughout the process the body may be 
regarded as being in a state of thermal equilibrium corresponding to its 
energy and volume at that instant; it must be emphasised that this does not 
mean that the process is necessarily reversible, since the body may not be in 
equilibrium with surrounding bodies. Then, from the relation (12.3), which 
gives the differential of the function E(S, V), the energy of the body in the 
equilibrium state, we can put 
dE _ds dV 
dt ° dt ~° dt’ 


(13.3) 


Comparison with (13.3) shows that 
dQ/dt = T dS/dt. (13.4) 


The work dR and the quantity of heat dQ gained by the body in an infini- 
tesimal change of state are not the total differentials of any quantities.t Only 
the sum dQ+dR, i.e. the change in energy dF, is a total differential. We can 
therefore speak of the energy E in a given state, but not, for example, of the 
quantity of heat which a body possesses in a given state. In other words, the 
energy of the body cannot be divided into thermal and mechanical parts; this 
is possible only when considering the change in energy. The change in energy 
when a body goes from one state to another can be divided into the quantity 
of heat gained or lost by the body and the work done on it or by it. This 
division is not uniquely determined by the initial and final states of the body, 
but depends also on the nature of the process itself. That is, the work and the 
quantity of heat are functions of the process undergone by the body and 
not only of its initial and final states. This is seen particularly when the body 
undergoes a cyclic process, starting and finishing in the same state. The 
change in energy is then zero, but the body may gain or lose a quantity of 
heat or work. Mathematically this corresponds to the fact that the integral 
of the total differential dE around a closed circuit is zero, but the integral 
of dQ or dR, which are not total differentials, is not zero. 


t In this sense the notation dR and dQ is not quite precise, and we therefore avoid it as 
far as possible. 
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The quantity of heat which must be gained in order to raise the tempera- 
ture of the body by one unit (for example, one degree) is called its specific 
heat. This clearly depends on the conditions under which the heating takes 
place. A distinction is usually made between the specific heat at constant 
volume C,, and that at constant pressure C,. Clearly 


» = T(0S/eT)y, (13.5) 
Cp = T(@S/8T)p. (13.6) 


Let us consider cases where formula (13.4) for the quantity of heat is in- 
applicable, but at the same time it is possible to establish certain inequalities 
for this quantity. There exist processes in which the body is not in thermal 
equilibrium, although the temperature (and pressure) are constant throughout 
the body; for example, chemical reactions in a homogeneous mixture of 
reactants. Owing to the irreversible process (the chemical reaction) occurring 
in the body, its entropy increases independently of the heat gained, and so we 


can say that the inequality 
dQ/dt < T dS/dt (13.7) 


holds. 

Another case where a similar inequality can be stated is an irreversible 
process in which the body goes from one equilibrium state to another neigh- 
bouring one but is not in equilibrium during the process.t Then the inequality 

6Q < T6S (13.8) 


holds between the quantity of heat 6Q gained by the body in this process and 
its entropy change 6S. 


§14. The heat function 


If the volume of a body remains constant during a process, then dQ = dE, 
i.e. the quantity of heat gained by the body is equal to the change in its 
energy. If the process occurs at constant pressure, the quantity of heat can 
be written as the differential 


dQ = d(E+PV) = dW (14.1) 
of a quantity 
W = E+PV, (14.2) 


called the heat function of the body.t The change in the heat function in 
processes occurring at constant pressure is therefore equal to the quantity of 
heat gained by the body. 


t An example is the Joule-Thomson process (see §18) with a small change in pressure. 
t Also called the enthalpy or heat content. 
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It is easy to find an expression for the total differential of the heat function. 
Putting dE = TdS—P dV and dW = dE+P dV+V dP, we have 


dW =TdS+V dP. (14.3) 
From this it follows that 


=(0W/dS)p, V = (OW/OP)s. (14.4) 


If the body is thermally isolated (which, it will be remembered, does not 
imply that it is a closed system), dQ = 0, and (14.1) shows that, in processes 
occurring at constant pressure and involving a thermally isolated body, 


W = constant, (14.5) 


i.e. the heat function is conserved. 
The specific heat C, can be written, using the relation dE = TdS—P4dV, 
as 


= (OE/O0T)y. (14.6) 
Similarly, we have for the specific heat Cy 
C, = (OW/OT)p. 


Thus we see that at constant pressure the heat function has properties similar 
to those of the energy at constant volume. 


§15. The free energy and the thermodynamic potential 


- The work done ona body in an infinitesimal isothermal reversible change of 
state can be written as a differential: 


dR = dE—dQ = dE—-TdS 
= d(E-TS) 
or 
dR = dF, (15.1) 
where 
F = E-TS | (15.2) 


is another function of the state of the body, called the free energy. Thus the 
work done on the body in a reversible isothermal process is equal to the 
change in its free energy. 

Let us find the differential of the free energy. Substituting dE = TdS— 
PdVand dF = dE—TdS—S dT, we have 


dF = —Sd7T-P dv. (15.3) 
Hence it is evident that 


S = —(OF/OT)y, P= —(0F/OV)r. (15.4) 
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Using the relation E = F+T7S, we can express the energy in terms of the free 


energy as 
E = F—T(@F/8T)y 


__m (sz 7) ; (15.5) 


Formulae (12.1), (12.2), (14.4) and (15.4) show that, if we know any of the 
quantities E, W and F as a function of the corresponding two variables and 
take its partial derivatives, we can determine all the remaining thermodynamic 
quantities. For this reason E, W and F are sometimes called thermodynamic 
potentials (by analogy with the mechanical potential) or characteristic func- 
tions: the energy E with respect to the variables S, V; the heat function W with 
respect to S, P; the free energy F with respect to V, T. 

We still lack a thermodynamic potential with respect to the variables P, T. 
To derive this we substitute in (15.3) PdV = d(PV)—V dP, take d(PV) to the 
left-hand side of the equation, and obtain 


dé = —SdT+V dP, (15.6) 
with a new quantity 
@® = E—TS+PV 


= F4+PV 
= W-TS, (15.7) 


called the thermodynamic potential (in a restricted sense of the term).! 
From (15.6) we clearly have 


S = —(0®@/8T)>p, V = (0®/OP)r. (15.8) 


T he heat function is expressed in terms of ® in the same way as £ in terms 
of F: 
W = ®©®—T(0®/0T)p 


__7 (sr 7), (15.9) 


If there are other parameters A; besides the volume which define the state of 


the system, the expression for the differential of the energy must be augmented 
by terms proportional to the differentials d/,: 


dE = TdS—PdV+) A, di,, (15.10) 
7 


where the A; are some functions of the state of the body. Since the transforma- 
tion to other potentials does not affect the variables 4,, it is clear that similar 


t In Western literature, the functions F and @ are often called respectively the Helmholtz 
free energy and the Gibbs free energy. 
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terms will be added to the differentials F, 6, W: 


etc. Hence the quantities A; can be obtained by differentiation with respect to 
A, of any of these potentials (it must be remembered which other variables 
are treated as constant in the differentiation). Using also formula (11.3), we 
can write down the analogous relation 


OE(p, q3 A) _ (53) 15.11 
~ @a.-—«dN OA rv. ( ) 


which expresses the mean value of the derivative of the Hamiltonian with re- 
spect to any parameter as the derivative of the free energy with respect to that 
parameter (and similar relations involving the derivatives of ® and W). 

The following point may be noted. If the values of the parameters A; change 
slightly, the quantities E, F, W and ® will also undergo small changes. It is 
evident that these changes will be equal if each is considered for the appropri- 
ate pair of constant quantities: 


(OE)s,y = (6F)7,y = (6W)g p = (E®)r_p. (15.12) 


The free energy and the thermodynamic potential have a very important 
property which determines the direction in which they change in various 
irreversible processes. From the inequality (13.7), substituting dQ/dt from 


(13.3), we obtain 


dE paV pis (15.13) 


Let us assume that the process is isothermal and occurs at constant volume 
(T = constant, V = constant). Then this inequality may be written 


I(E-TS) dF _ 


po =a <0 (15.14) 


Thus irreversible processes occurring at constant temperature and constant 
volume are accompanied by a decrease in the free energy of the body. 
Similarly, for P = constant and T = constant the inequality (15.13) be- 


comes 
d@/dt < 0; (15.15) 


that is, irreversible processes occurring at constant temperature and constant 
pressure are accompanied by a decrease in the thermodynamic potential.* 


t It should be remembered that in both cases the processes in question are those (such 
as chemical reactions) for which the body is not in equilibrium, so that its state is not uni- 
quely defined by the temperature and the volume (or pressure). 
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Correspondingly, in a state of thermal equilibrium the free energy and the 
thermodynamic potential have minimum values, the former with respect to all 
changes of state with T and V constant, and the latter with respect to changes 
of state with T and P constant. 


PROBLEM 


How can the mean kinetic energy of the particles in a body be calculated if the formula 
for its free energy is known? 

SOLUTION. The Hamiltonian function (or, in the quantum case, the Hamiltonian opera- 
tor) may be written in the form E(p, g) = U(q)+ K(p), where U(q) is the potential energy 
of interaction of the particles in the body, and K(p) their kinetic energy. The latter is a 
quadratic function of the momenta, inversely proportional to the particle mass m (for a 
body consisting of identical particles). Regarding m as a parameter, we can therefore write 


OE(p,g;m)_—s 
om om K(p). 
Then, applying formula (15.11), we obtain the mean kinetic energy K = K(p): 
K = —m(0F/0m)p, y. 


§16. Relations between the derivatives of thermodynamic quantities 


In practice the most convenient, and the most widely used, pairs of thermo- 
dynamic variables are T, V and T, P. It is therefore necessary to transform 
various derivatives of the thermodynamic quantities with respect to one 
another to different variables, both dependent and independent. 

If V and T are used as independent variables, the results of the transforma- 
tion can be conveniently expressed in terms of the pressure P and the specific 
heat C, (as functions of V and T). The equation which relates the pressure, vol- 
ume and temperature is called the equation of state for a given body. Thus the 
purpose of the formulae in this case is to make it possible to calculate various 
derivatives of thermodynamic quantities from the equation of state and the 
specific heat C,. 

Similarly, when P and T are taken as the basic variables the results of the 
transformation should be expressed in terms of V and C, (as functions of 
P and 7). 

Here it must be remembered that the dependence of C, on V or of C, on P 
(but not on the temperature) can itself be determined from the equation of 
state. It is easily seen that the derivative (0C,/0V). can be transformed so that 
it is defined in terms of the function P(V, 7). Using the fact that S = 
— (OF/0T),, we have 


(25) _ 7s OF 
T 


aV aver 
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and since (OF/6V), = —P, we have the required formula 


(0C",/0V)- = T(C?P/OT?)y. (16.1) 
Similarly we find 
(0C,/0P)r = —T(0?V/0T?)p, (16.2) 


formulae (15.8) being used in the calculation. 

We shall show how some of the thermodynamic derivatives most often 
encountered may be transformed. 

The derivatives of the entropy with respect to volume or pressure can be 
calculated from the equation of state by means of the following formulae, 
which are a direct consequence of the expressions for the differentials of the 
thermodynamic quantities. We have 


G2), GH), 
eV), OoV\OT), oF \aV), 


or 


(0S/0V)7 = (OP/OT)y. (16.3) 
Similarly 
oS 0 (o® o /0® 
(sp), ~ ~er (ar),,~ ~ar (eP), 
or 
(OS/OP)r = —(OV/OT)p. (16.4) 


The derivative (CE/O0V) pis calculated from the equation dE = TdS—P dV 


as 
OE os 
(sr), OV} y 


or, substituting (16.3), 


(57), 7 (sr) -? (16.5) 

Similarly we can derive 
),--7 rr, a 
O),= "(276 (rE, 0 
),-o-r(h), (F),-e°r (Rh), ss 


Finally, we shall show how the specific heat C, may be calculated from 
the specific heat C,, and the equation of state, using T and P as the basic 
variables. Since C, = T(OS/0T)y, we have to transform the derivative 
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(0S/0T), to different independent variables. A transformation of this type 
is most simply effected by the use of Jacobians.t We write 


C, = T(8S/8T)y 
= TAS, V)/AT, V) 
a(S, V)/O(T, P) 
aT, V)/A(T, P) 
- 7 CS/eT)p V/OP)7—(OS/0P)7 (OV /OT)p 
(OV/eP); 
(OS/OP)7 (OV/OT)p 
(OV/eP), 


= C,—T 


Substituting (16.4), we obtain the required formula: 


Cp—C, = —T((OV/0T)p}?/(OV/OP)r. (16.9) 

Similarly, transforming C, = T(0S/eT)p to the variables T, V, we can 
derive the formula 

Cp—C, = —T[(OP/0T)yP/(OP/8V)r. (16.10) 

The derivative (OP/OV), is negative: in an isothermal expansion of a body, 


its pressure always decreases. This will be rigorously proved in §21. It therefore 
follows from (16.10) that for all bodies 


Cp > Cy. (16.11) 


In adiabatic expansion (or contraction) of a body its entropy remains con- 
stant. The relation between the temperature, volume and pressure of the body 
in an adiabatic process is therefore determined by various derivatives taken at 


¥ The Jacobian O(u, v)/O(x, y) is defined as the determinant 


O(u,v) _ | Ou/Ox Ou/Oy | () 
a(x, y) | @v/Ox Ov/dy | ° 


It clearly has the following properties: 


Ov, u)  —-_- Ou, v) 


Ox, ~~ OGD)’ uD 
Olu, y) (Ou 
S(x,y) (), oe 
The following relations also hold: 
Au, 7) _ u,v) A(t, 8) 
Q(x, ») ~ Bt, 8) Oy)’ oY 
d Au, v) - O(du/dt, v) _ O(u, dv/dr) (Vv) 


dt (x,y) Ox, y) a(x, y) 
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constant entropy. We shall derive formulae whereby these derivatives may be 
calculated from the equation of state of the body and its specific heat. 

For the derivative of the temperature with respect to volume we have, 
changing to independent variables V, T, 


or oT, S) a7, 8) /0(V,, T) 
(sr) 


aV)}, ~ OV, S) ~ AV, S)/AV, T) 
(0S/0V)r 
~ ~ (8S/0T)y 
a) 
~~ CNOV) ’ 
or, substituting (16.3), 
oT T (oP 
=>) =-—as l=m} . (16,12) 
(ar), ~ ~<, (a7), 
Similarly we find 
oT T (sr) 
=x) =—>~(=s}.- (16.13) 
(a). C, \OT) p 


These formulae show that, according as the thermal expansion coefficient 
(OV/8T)p is positive or negative, the temperature of the body falls or rises in 


an adiabatic expansion.* 
Let us next calculate the adiabatic compressibility (OV/OP), of the body, 


writing 


(%) AV, S) OV, S\/AV,T) AV,T) (@S/@T)v (2) 


oP). = OP, S) = OP, S)/a(P, T) OP, T) ~ (OS/8T)p \OP ) , 
or 
OV C, (OV 
(ar), c, (a), et 


The inequality C, > C, therefore implies that the adiabatic compressibility 
is always smaller in absolute value than the isothermal compressibility. 
Using formulae (16.9) and (16.10), we can derive from (16.14) the relations 


Ge). GE (07,J- ws 


(ar) = (ar) ,-z[ler) ne 


t In §21 it will be shown rigorously that C, is always positive, and therefore so is C, 
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§17. The thermodynamic scale of temperature 


We shall show how a thermodynamic scale of temperature may be con- 
structed, at least in principle, using for this purpose an arbitrary body whose 
equation of state is not assumed known a priori. The problem is thus to estab- 
lish by means of this body the relation T = T(r) between the absolute scale of 
temperature T and some purely arbitrary scale t defined by an arbitrarily cal- 
ibrated “thermometer’’. 

To do this, we start from the following relation (in which all quantities refer 
to the body in question): 


(0Q/OP)r = TOS/OP)r = —T(OV/OT)p, 


where (16.4) has been used. Since t and TJ are in one-to-one relation, it does 
not matter whether the derivative is written for constant T or constant t. The 
derivative (OV/OT)p may be written as 


OV) (eV) de 
er), ~ (or), ar 
oO __r OV\ dt 
lor), ~~? (ae) ar 


dlogT (@V/t)p 
dt —s (OO /OP),’ 


Then 


or 


(17.1) 


The right-hand side involves quantities which can be measured directly as 
functions of the arbitrary temperature t: (6Q/OP), is the quantity of heat 
which must be supplied to the body in order to maintain its temperature con- 
stant during expansion, and the derivative (0V/0r) pis determined by the change 
in volume of the body on heating. Thus formula (17.1) gives the solution of the 
problem and can be used to determine the required relation T = T(z). 

Here it must be remembered that the integration of (17.1) determines log T 
only to within an additive constant. The temperature T is therefore determined 
only to within an arbitrary constant factor. This is as it should be, of course: 
the choice of the units of measurement of the absolute temperature remains 
arbitrary, which is equivalent to the presence of an arbitrary factor in the 
function T = T(t). 


§18. The Joule-Thomson process 


Let us consider a process which consists in a gas (or liquid) at pressure P; 
being steadily transferred to a vessel where its pressure is Pp. By “steadily”’ we 
mean that the pressures P; and P, remain constant throughout the process. 
c 
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Such a process may be diagrammatically represented as a passage of the gas 
through a porous partition (a in Fig. 1), the constancy of pressure on either 
side of the partition being maintained by pistons moving inward and outward 
in an appropriate manner. If the holes in the partition are sufficiently small, 
the macroscopic flow velocity of the gas may be taken as zero. We shall also 
assume that the gas is thermally isolated from the external medium. 


Fic. 1 


This process is called a Joule-Thomson process. It must be emphasised that 
it is an irreversible process, as may be seen simply from the presence of the par- 
tition with very small holes, which creates a large amount of friction and 
destroys the velocity of the gas. 

Let a quantity of gas, occupying a volume Vj at pressure Pi, pass (thermally 
isolated) into the volume V2, the pressure becoming equal to P2. The change 
in energy E2— E; of this gas is equal to the work P;V done on the gas to move 
it out of the volume V1, minus the work P2V2 done by the gas in occupying the 
volume V2 at pressure Pe. Thus F2—F£1 = P1Vi—Pe2V2, or 


E\+PiVi = E2t+Pobs2, 


that is, 
Wi = W. (18.1) 


Thus the heat function of the gas is conserved in a Joule-Thomson process. 
The change in temperature caused by a small change of pressure in a Joule- 

Thomson process is given by the derivative (07/0P)y, taken with the heat func- 

tion constant. We may transform this derivative to independent variables P 


and T: 
oT, a7, W) _ aT, W)/O(P,T) _ _(OW/OP)r 
(a7), ~ OP, W) OP, W)/a(P,T) ~~ (WOT) p’ 


whence, by means of formulae (14.7) and (16.7), we obtain 


oT 1 OV 
OP oeiee T (57) = v|. (18.2) 
(se), Cy oT) p 
The change in entropy is given by the derivative (0S/0P)y,. From the rela- 


tiondW = TdS+V dP, written in the form dS = dW/T—V4dP/T, we have 
(0S/OP)w = —V/T. (18.3) 


§19 Maximum Work 55 


This quantity is always negative, as it should be: the change of a gas to a lower 
pressure by an irreversible Joule-Thomson process results in an increase in 
entropy. 

We may add a few words concerning a process in which a gas originally in 
one of two communicating vessels expands into the other vessel; this process, 
of course, is not a steady one, the pressures in the two vessels varying until 
they become equal. When a gas expands into a vacuum in this way, its energy 
E is conserved. If, as a result of the expansion, the total volume is changed 
only slightly, the change in temperature is given by the derivative (07/0V),. 
On converting this derivative to independent variables V, T, we obtain the 


formula 
oT 1 oP 
(sr), = [?-? (er), | (84) 


The change in entropy is given by 
(OS/OV), = P/T. (18.5) 


The entropy increases on expansion, i.e. with increasing V, as it should. 


$19. Maximum work 


Let us consider a thermally isolated system consisting of several bodies not 
in thermal equilibrium with one another. While equilibrium is being established, 
the system may do work on some external objects. The transition to equilib- 
rium may, however, occur in different ways, and the final equilibrium states of 
the system will of course also be different; in particular, its energy and entropy 
will be different. 

Accordingly, the total work which can be got froma non-equilibrium system 
will depend on the manner in which equilibrium is established, and we may ask 
how the equilibrium state must be reached in order that the system should do 
the maximum possible amount of work. Here we are concerned with the work 
done because the system is not in equilibrium; that is, we must exclude any 
work done by a general expansion of the system, since this work could also be 
done by a system in equilibrium. We shall therefore assume that the total vol- 
ume of the system is unchanged by the process (although it may vary during 
the process). 

Let the original energy of the system be Zo, and the energy in the equilibrium 
state, as a function of the entropy of the system in that state, be E(S). Since the 
system is thermally isolated, the work which it does is just the change in. 
energy: 

| R| = E,—E(S); 
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we write |R|, since R < 0 in accordance with convention if work is done by the 


system. 
Differentiating | R| with respect to the entropy S of the final state, we have 


8|R|/aS = —(@E/OS)y = —T, 


where T is the temperature of the final state; the derivative is taken with the 
volume of the system in its final state constant (the same as in the initial state). 
We see that this derivative is negative, i.e. |R| decreases with increasing S. 
The entropy of a thermally isolated system cannot decrease, and the greatest 
possible value of |R| therefore occurs if S remains constant throughout the 
process. 

Thus we conclude that the system does maximum work when its entropy 
remains constant, i.e. when the process of reaching equilibrium is reversible. 

Let us determine the maximum work which can be done when a small 
quantity of energy is transferred between two bodies at different temperatures 
T; and Te, with Tz > 7. First of all, it must be emphasised that, if the energy 
transfer occurred directly between the bodies on contact, no work would be 
done. The process would be irreversible, the entropy of the two bodies in- 
creasing by 6E(1/T:—1/T2), where 6E is the amount of energy transferred. 

Consequently, in order to achieve a reversible transfer of energy and so 
maximise the work, some further body (the working medium) must be brought 
into the system and caused to execute a reversible cyclic process. This process 
must be carried out in such a way that the bodies between which direct 
transfer of energy occurs are at the same temperature. The working medium 
at temperature JT» is brought into contact with the body at that temperature 
and receives a certain amount of energy from it isothermally. It is then adia- 
batically cooled to 7), releases energy at this temperature to the body at 7, and 
finally is adiabatically returned to its original state. In the expansions invol- 
ved in this process the working medium does work on external objects. The 
cyclic process just described is called a Carnot cycle. 

To calculate the resulting maximum work, we first note that the working 
medium may be ignored, since it is returned to its initial state at the end of 
the process. Let the hotter body 2 lose an amount of energy — 6E2 = —T2 6S, 
and body 1 gain energy 6£, = 7, 6S1. Since the process is reversible, the sum 
of the entropies of the two -bodies remains constant, i.e. 6S; = —6S2. The 
work done is equal to the decrease in the total energy of the two bodies, i.e. 


[dR esate = — 6E,— 6E2 = — Ti 6S1—Te bS2 
= —(T,—T,) 6S», 
or 
T2—Ti 
T2 


| OR (wax => |6E,|. (19.1) 
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The ratio of the work done to the amount of energy expended is called the 
efficiency yn. The maximum efficiency when energy is transferred from a hotter 
to a cooier body is, from (19.1), 


max = (T2—71)/T. (19.2) 


A more convenient quantity is the utilisation coefficient n, defined as the ratio 
of the work done to the maximum work which can be obtained in given con- 
ditions. Clearly 

n= 1/Nmax- (19.3) 


§20. Maximum work done by a body in an external medium 


Let us now consider a different formulation of the maximum-work prob- 
lem. Let a body be in an external medium whose temperature 7» and pressure 
Po differ from the temperature T and pressure P of the body. The body can do 
work on some object, assumed thermally isolated both from the medium and 
from the body. The medium, together with the body in it and the object on 
which work is done, forms a closed system. The volume and energy of the 
medium are so large that the change in these quantities due to processes in- 
volving the body does not lead to any appreciable change in the temperature 
and pressure of the medium, which may therefore be regarded as constant. 

If the medium were absent, the work done by the body on the thermally 
isolated object, for a given change in state of the body (i.e. for given initial 
and final states) would be completely defined, and equal to the change in the 
energy of the body. The presence of the medium which also takes part in the 
process makes the result indefinite, and the question arises of the maximum 
work which the body can do for a given change in its state. 

If a body does work on an external object in a transition from one state to 
another, then in the reverse transition from the second state to the first some 
external source of work must do work on the body. A transition in which 
the body does the maximum work |R],,,, Corresponds to a reverse transition 
which requires the external source to do the minimum work R,,j,. These must 
obviously be the same, so that the calculation of the one is equivalent to that 
of the other, and we shall speak below of the work done on the body by a 
thermally isolated external source of work. 

During the process, the body may exchange heat and work with the medium. 
The work done on the body by the medium must of course be subtracted 
from the total work done on the body, since we are concerned only with 
the work done by the external source. Thus the total change JE in the energy 
of the body in some (not necessarily small) change in its state consists of 
three parts: the work R done on the body by the external source, the work 
done by the medium, and the heat gained from the medium. As already 
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mentioned, owing to the large size of the medium its temperature and press- 
ure may be taken as constant, and the work done by it on the body is there- 
fore Po AVo, while the heat given up by it is — T> 4So (the suffix zero indicates 
quantities pertaining to the medium, while those for the body have no 
suffix). Thus 

AE = R+P, AV )—Ty AS». 


Since the total volume of the medium and the body remains constant, AV> = 
~AV, and the law of increase of entropy shows that AS+AS» = 0; the 
entropy of the thermally isolated source of work does not vary. Thus 4S > 
~AS. From R = 4AE~PoAVo+ToAS» we therefore find 


R = AE—T) AS+P, AV. (20.1) 


The equality occurs for a reversible process. Thus we again conclude that 
the change occurs with minimum expenditure of work, and the reverse change 
with maximum work, if it occurs reversibly. The value of the minimum work 
is ei 

Ryin = 4(E—-T)S+ PV) (20.2) 


(T» and Po, being constants, can be placed after 4), i.e. this work is equal to 
the change in the quantity E—7T>S+PoV. For maximum work the formula 
must be written with the opposite sign: 


|R|max = —M4(E—T)S + PoV), (20.3) 


since the initial and final states are interchanged. 

If the body is in an equilibrium state at every instant during the process 
(but not, of course, in equilibrium with the medium), then for an infinitesi- . 
mal change in its state formula (20.2) may be written differently. Substitut- 
ing dE = TdS—P dVindRyi, = dE—To dS+Po dV, we find 


dRmin = (T—T) dS—(P—Py) dV. (20.4) 


Two important particular cases may be noted. If the volume and tempera- 
ture of the body remain constant, the latter being equal to the temperature 
of the medium, (20.2) gives Ryin = 4(E—TS), or 


Rin = 4F, (20.5) 


i.e. the minimum work is equal to the change in the free energy of the body. 
Secondly, if the temperature and pressure of the body are constant and equal 
to Ty and Po, we have 

Rmin = 49, (20.6) 
i.e. the work done by the external source is equal to the change in the thermo- 
dynamic potential of the body. 
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It should be emphasised that in both these particular cases the body con- 
cerned must be one not in equilibrium, so that its state is not defined by 7 and 
V (or P) alone; otherwise, the constancy of these quantities would mean that 
no process could occur at all. We must consider, for example, a chemical 
reaction in a mixture of reacting substances, a process of dissolution, or the 
like. 

Let us now assume that a body in an external medium is left to itself and 
no work is done on it. Spontaneous irreversible processes will occur in the 
body and bring it into equilibrium. In the inequality (20.1) we must now put 
R = 0, and so 

A(E—T)S+PoV) <0. (20.7) 
This means that the processes occurring in the body will cause the quantity 
E-—ToS+PoV to decrease, and it will reach a minimum at equilibrium. 

In particular, for spontaneous processes at constant temperature T = To 
and constant pressure P = Po, the thermodynamic potential ® of the body 
decreases, and for processes at constant temperature T = To and constant 
volume of the body its free energy F decreases. These results have already been 
derived by a different approach in §15. It may be noted that the derivation 
given here does not essentially assume that the temperature and volume (or 
pressure) of the body remain constant throughout the process: we may say that 
the thermodynamic potential (or free energy) of a body decreases as a result 
of any process for which the initial and final temperature and pressure (or 
volume) are the same (and equal to the temperature and pressure of the 
medium), even if they vary during the process. 

Another thermodynamic significance may also be ascribed to the minimum 
work. Let S, be the total entropy of the body and the medium. If the body is 
in equilibrium with the medium, S, is a function of their total energy E,: 


S, = S(E)). 
If the body is not in equilibrium with the medium, their total entropy differs 


from S,(E,) for the same value of the total energy E, by some amount AS, 
< 0.In Fig. 2 the continuous line shows the function S,(E,) and the vertical 


' 
DS 
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segment ab is —AS,. The horizontal segment bc is the change in the total 
energy when the body goes reversibly from the state of equilibrium with the 
medium to the state corresponding to the point b. In other words, this segment 
represents the minimum work which must be done by some external source 
to bring the body from the state of equilibrium with the medium to the state 
considered; the equilibrium state in question (the point c in Fig. 2) is, of 
course, not the same as that corresponding to the given value of E, (point a). 

Since the body is a very small part of the whole system, the processes 
involving it cause only a negligible relative change in the total energy and 
entropy. Fig. 2 therefore shows that 


_ SE) 
dE, 


AS, = Rin: 
But the derivative dE,/dS, is the equilibrium temperature of the system, i.e. 
the temperature 7 of the medium. Thus 


Ruin = 


AS, <a T. 


-F (AE—T,AS-+P, AV). (20.8) 
This formula determines the amount by which the entropy of a closed system 
(body+ medium) differs from its greatest possible value if the body is not in 
equilibrium with the medium; JE, AS and AV are here the differences be- 
tween the energy, entropy and volume of the body and their values ina state 
of complete equilibrium. 


§21. Thermodynamic inequalities 


In deriving the conditions of thermal equilibrium from that of maximum 
entropy, we have so far considered only the first derivatives. By equating to 
zero the derivatives with respect to energy and volume, we have deduced in 
§§9 and 12 the equality of temperature and pressure in all parts of the body as 
the conditions of equilibrium. But the vanishing of the first derivatives is 
only a necessary condition for an extremum and does not ensure that the 
entropy is in fact a maximum. The determination of the sufficient conditions 
for a maximum involves, of course, an examination of the second derivative 
of the function. 

Such an examination is, however, more conveniently carried out not from 
the condition of maximum entropy of a closed system but from another equi- 
valent condition.t Let us consider some small but macroscopic part of the 


Tt As regards the dependence of the entropy on the momenta of macroscopic motion, 
we have already investigated the conditions to be imposed on both the first and the second 
derivatives (§10), obtaining in this way the conditions that internal macroscopic motions 
in the body be absent and that the temperature be positive. 
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body concerned. With respect to this part, the remainder of the body may 
be regarded as an external medium. Then, as shown in §20, we can state that 
in equilibrium the quantity 

E-TyS+P)V 


has a minimum, where E, S and V are the energy, entropy and volume of 
the part considered, and To, Po the temperature and pressure of the medium, 
i.e. of the remainder of the body. Clearly TJ) and Po are also the temperature 
and pressure of the part considered when in equilibrium. 

Thus in any small deviation from equilibrium the change in the quantity 
E—T )S+PoV must be positive, i.e. 


5E—T, 6S+P, 6V > 0. (21.1) 


In other words, the minimum work which must be done to bring this part of 
the body from equilibrium to any neighbouring state is positive. 

In what follows the equilibrium values will be implied for any coefficients 
appearing in the deviations of thermodynamic quantities from their equi- 
librium values, and the zero suffixes will therefore be omitted. 

Expanding 6£ as a series (regarding E as a function of S and V), we have 
as far the second-order terms 

OE OE 


=> 2 
SE = =~ 8S +57 oV+4 [Fe ON +2 


OE 


ed, 2 
mal oSbV+ © 5, (8) |: 


But O£/0S = T, 0E/OV = —P, so that the first-order terms are TOS—P 6V, 
and cancel when 6E£ is substituted in ae Thus we obtain the condition 
OE 


E (asy42 no H 8S 6V-4+ = (sv)? = 0. (21.2) 


os OSOV ov? 


If such an inequality holds for arbitrary 6S and 6V, two conditions must be 
satisfied :t 


027E/0S? > 0, (21.3) 
C2E CE OE \2 
as? ova (ssav i ae) 


For 07E/0S? we have 
C7E/OS? = (8T/8S)y = T/C,. 
The condition (21.3) therefore becomes 7/C, > 0, and since T > 0, 
C, > 0, (21.5) 


i.e. the specific heat at constant volume is always positive. 


t The special case where the equality sign holds in (21.4) will be discussed in §84: 
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The condition (21.4) may be written in terms of the Jacobian 


O[(OE/OS)v, CE/EV)s) _ 4 
a(S, V) 
or 
a(T, P)/a(S, V) < 0. 


Changing to the variables T and V, we have 


Q(T, P) _ aT, P)/AT,V) _ @P/AV)r _ T (8P\ _ 4 
a(S, V) a(S, V)/a(T, V) ~—s(OS/OT)y OC, (57). ° 
Since C,, > 0, this is equivalent to the condition 

(OP/OV)7 < 0, (21.6) 


i.e. an increase in volume at constant temperature is always accompanied by 
a decrease in pressure. 

The conditions (21.5) and (21.6) are called thermodynamic inequalities. 
States in which these conditions are not satisfied are unstable and cannot 
exist in Nature. 

It has already been noted in §16 that from the inequality (21.6) and formula 
(16.10) we always have C, > C,. From (21.5) we can therefore conclude that 


C, > 0 (21.7) 
always. 

The fact that C, and C, are positive means that the energy is a monoton- 
ically increasing function of temperature at constant volume, and the heat 
function behaves similarly at constant pressure. The entropy increases mono- 
tonically with temperature at either constant volume or constant pressure. 

The conditions (21.5), (21.6), which have been derived for an arbitrary 
small part of a body, are of course valid for the whole body also, since in equi- 
librium the temperatures and pressures of all parts of the body are the same. 
Here it is assumed that the body is homogeneous (only such bodies have been 
considered so far). It must be emphasised that the fulfilment of the conditions 
(21.5), (21.6) depends on the homogeneity of the body. We can, for example, 
consider a body whose particles are held together by gravitational forces. 
Such a body will clearly be inhomogeneous, having a higher density towards 
the centre, and the specific heat of the body as a whole may be less than zero, 
so that its temperature rises as its energy decreases. We may note that this 
does not contradict the result that the specific heat is positive for every small 
part of the body, since in these conditions the energy of the whole body is not 
equal to the sum of the energies of its parts; there is also the energy of the 
gravitational interaction between these parts. 
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The inequalities derived above are conditions of equilibrium, but their 
fulfilment is not sufficient for the equilibrium to be completely stable. There 
can exist states such that the entropy decreases for an infinitesimal deviation 
from the state and the body then returns to its initial state, whereas for a finite 
deviation the entropy may be greater than in the original state. After such 
a finite deviation the body does not return to its original state, but will tend 
to pass to some other equilibrium state corresponding to a maximum entropy 
greater than that in the original state. Accordingly, we must distinguish 
between metastable and stable equilibrium states. A body in a metastable 
state may not return to it after a sufficient deviation. Although a metastable 
state is stable within certain limits, the body will always leave it sooner or 
later for another state which is stable, corresponding to the greatest of the 
possible maxima of entropy. A body which is displaced from this state will 
always eventually return to it. 


§22. Le Chatelier’s principle 


Let us consider a closed system consisting of a body and a medium surround- 
ing it. Let S be the total entropy of the system, and y a quantity pertaining 
to the body, such that the condition for S to be a maximum relative to y, i.e. 
0S/dy = 0, signifies that the body itself is in equilibrium, though it is not 
necessarily in equilibrium with the medium. Also, let x be another thermo- 
dynamic quantity pertaining to the same body, such that if both oS/oy = 0 
and 0S/dx = 0 the body is not only in internal equilibrium but also in equi- 
librium with the medium. 

We shall use the notation 


X= -dS/dx, Y= —dS/oy. (22.1) 


In complete thermodynamic equilibrium the entropy S must be a maximum. 
For this, besides the conditions 


X =0, Y=0, (22.2) 
the conditions 
(0X/0x), > 0, (OY/dy),, > 0 (22.3) 
and 
oxX\ (OY OX\ 72 
(az), (é),-[(s),] =° @24) 


must be satisfied. 

Let us now assume that the equilibrium of the body with the medium is 
destroyed by some small external interaction, the quantity x being somewhat 
changed and the condition X¥ = 0 no longer satisfied; we assume that y is 
not directly affected by the interaction in question. Let the change in x be Ax. 
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Then the change in X at the instant of interaction is 
(AX), = (0X/0x), Ax. 


The change in x at constant y leads, of course, to a violation of the condi- 
tion Y = 0 also, i.e. of internal equilibrium of the body. When equilibrium 
is again restored, the quantity ¥ = AX will be 


(AX)y 29 = (OX/0x)y 20 4x, 


where the derivative is taken at constant Y(= 0). 
To compare the two values of 4X, using the properties of Jacobians, we 
have 


OxJy_, 8% Y) 8, YO, y) ~ Vox), (YO), * 


The denominator of the second term in this expression is positive by the condi- 
tion (22.3); using also (22.4), we find that 


(5) _ 0% YY) OX, Y/O%y) _ (5) [((OX/ey)xP 
Y=0 ¥ 


(8X/8x), > (@X/Ox)y0 > 0, (22.5) 
or 
|(AX), | = |(AX)yo|- (22.6) 


The inequality (22.5) or (22.6) forms the content of what is called Le 
Chatelier’s principle. 

We shall regard the change 4x of the quantity x as a measure of the external 
interaction acting on the body, and 4X as a measure of the change in prop- 
erties of the body resulting from this interaction. The inequality (22.6) shows 
that, when the internal equilibrium of the body is restored after the external 
interaction which disturbed it, the value of 4X is reduced. Thus LE CHATELIER’S 
principle may be formulated as follows: an external interaction which dis- 
turbs the equilibrium brings about processes in the body which tend to reduce 
the effects of this interaction. 

The above may be illustrated by some examples. 

First of all, it is convenient to modify somewhat the definition of the 
quantities X and Y by using formula (20.8), according to which the change in 
entropy of the system (medium + body) is — R,j,/To, Where 7 is the tempera- 
ture of the medium and R,;, the minimum work needed to bring the body 
from a state of equilibrium with the medium to the state in question. We can 


therefore write 
= | OR min 1 ORmin 


Ig Ox ” ~ TT, oy oy 


For an infinitesimal change in the state of the body we have (see (20.4)) 
dRmin = (T—T)) dS—(P—P,) AV; 
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here and below all quantities without suffix relate to the body, and those 
with suffix 0 to the medium. 

Let x be the entropy S of the body. Then X¥ = (T—T1 )/To. The equilibrium 
condition X¥ = 0 gives T = Tp, i.e. the temperatures of the body and the 
medium are equal. The inequalities (22.5) and (22.6) become 


(8T/OS)y > (8T/BS)y—o > 9, (22.8) 
|(AT), | > |(AT) yo]. (22.9) 


The significance of these inequalities is as follows. The change in x (the 
entropy of the body) means that a quantity of heat is given to or taken from 
the body. This destroys the equilibrium of the body itself and, in particular, 
changes its temperature by (47),. The restoration of equilibrium in the 
body has the result that the absolute value of the change in temperature 
decreases, becoming (AT),_,, i.e. it is as if the result of the interaction 
which brings the body out of equilibrium were reduced. We can say that 
heating or cooling a body brings about processes in it which tend to lower 
or raise the temperature respectively. 

Now let x be the volume V of a body. Then ¥ = —(P—P))/T. In equi- 
librium X = 0, i.e. P = Po. The inequalities (22.5) and (22.6) give 

(OP/OV),, < (OP/OV)y <5 < 9, (22.10) 
[(AP), | = |(AP)y ol. (22.11) 


If the body is disturbed from equilibrium by a change in its volume at 
constant temperature, then, in particular, its pressure is changed; the res- 
toration of equilibrium in the body leads to a decrease in the absolute value 
of the change in pressure. Since a decrease in the volume of the body causes 
an increase in its pressure, and vice versa, we can say the decreasing or increas- 
ing the volume of a body brings about processes in it which tend to lower or 
raise the pressure respectively. 

Later we shall meet with numerous applications of these results (to solu- 
tions, chemical reactions and so on). 

It may also be noted that, if y in the inequalities (22.8) is taken to be the 
volume of the body, we have 

(OT/0S), = (OT/OS)y = T/C,, 

(OT/0S)y—-9 = (8T/0S)p = T/Cy, 

_ since the condition Y = 0 then denotes P = Po, i.e. constant pressure. 
Thus we again obtain the already familiar inequalities C, > C, > 0. Simi- 
larly, if in (22.10) y is taken as the entropy of a body, the condition Y = 0 
implies that the temperature is constant, T = To, and we find 

(OP/OV)g < (OP/OV)7 < 0, 
another result already known. 
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§23. Nernst’s theorem 


The fact that the specific heat C, is positive means that the energy is a 
monotonically increasing function of the temperature. Conversely, when 
the temperature falls the energy decreases monotonically, and therefore, 
when the temperature has its least possible value, i.e. at absolute zero, a body 
must be in the state of least possible energy. If we regard the energy of a 
body as the sum of the energies of the parts into which it may be imagined to 
be divided, we can say that each of these parts will also be in the state of 
least energy; it is clear that the minimum value of the sum must correspond 
to the minimum value of each term. 

Thus at absolute zero any part of the body must be in a particular quantum 
state, the ground state. In other words, the statistical weights of these parts 
are equal to unity, and therefore so is their product, i.e. the statistical weight 
of the macroscopic state of the body as whole. The entropy of the body, 
being the logarithm of its statistical weight, is therefore zero. 

We consequently reach the important result that the entropy of any body 
vanishes at the absolute zero of temperature. This is called Nernst’s theorem. 

It should be emphasised that this theorem is a deduction from quantum 
statistics, in which the concept of discrete quantum states is of essential 
importance. The theorem can not be proved in purely classical statistics, 
where the entropy is determined only to within an arbitrary additive constant 
(see §7). 

NERNST’s theorem enables us to draw conclusions also concerning the 
behaviour of certain other thermodynamic quantities as T + 0. 

For instance, it is easy to see that for T = 0 the specific heats C,, and C, 
both vanish: 


C,=C,=0 for T=0. (23.1) 
This follows immediately from the definition of the specific heat in the form 
C = ToS/eT 
= 05/0 log T. 


When T — 0, log T ~ o, and since S tends to a finite limit, namely zero, 
it is clear that the derivative tends to zero. 
The thermal expansion coefficient also tends to zero: 


(QV/8T)p = 0 for T= 0. (23.2) 
For this derivative is equal to the derivative —(0S/OP), (see (16.4)), which 
vanishes for T = 0, since S = 0 for T = 0 and any pressure. 


t To avoid misunderstandings we should emphasise that this refers to the temperature 
tending to zero with other conditions remaining unchanged—-say at constant volume, or at 
constant pressure. If, on the other hand, the temperature of a gas tends to zero while its 
density decreases without limit, for example, the entropy need not tend to zero. 
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Similarly, we can see that 
(OP/OT)y =O for T=0. (23.3) 


The entropy usually vanishes, for T > 0, according to a power law, i.e. 
as S = aT”, where a is a function of pressure or volume. In this case, clearly, 
the specific heats and (6V/0T)p, (OP /OT),y will tend to zero in the same way 
(with the same value of 7). 

Finally, it may be seen that the difference C,—C, tends to zero more 
rapidly than the specific heats themselves, i.e. 


(C,-C,)/Cp =90 for T=0. | (23.4) 


For let the entropy tend to zero as S ~ 7” for T + 0. From formula (16.9) 
we then see that C,—C, ~ T*” *}, so that (C,—C,)/C, ~ T"*!; it should be 
borne in mind that the compressibility (@V/OP),7 is in general finite and not 
zero when T = 0. 

If the specific heat of a body is known for all temperatures, the entropy 
can be calculated by integration, and NERNST’s theorem gives the value 
of the constant of integration. For example, the dependence of the entropy on 
temperature for a given pressure is determined by 


T 
S= | (C,/T) dT. (23.5) 
0 
The corresponding formula for the heat function is 
T 
W= Wot | C, aT, (23.6) 


0 


where Wp is the value of the heat function for 7 = 0. Similarly, for the 
thermodynamic potential © = W—TS we have 
T T 


@ = Wot | Cp, dT-T | oe dT. (23.7) 
0 


0 


§24. The dependence of the thermodynamic quantities on the number of 
particles 


As well as the energy and entropy, such thermodynamic quantities as F, ® 
and W also have the property of additivity, as follows directly from their 
definitions if we bear in mind that the pressure and temperature are constant 
throughout a body in equilibrium. From this property we can draw certain 
conclusions concerning the manner in which each of these quantities depends 
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on the number of particles in the body. Here we shall consider bodies con- 
sisting of identical particles (molecules); all the results can be immediately 
generalised to mixtures of different particles (see §86). 

The additivity of a quantity signifies that, when the amount of matter 
(and therefore the number WN of particles) is changed by a given factor, the 
quantity is changed by the same factor. In other words, we can say that an 
additive thermodynamic quantity must be a homogeneous function of the 
first order with respect to the additive variables. 

Let us express the energy of the body as a function of the entropy, volume, 
and number of particles. Since S and V are themselves additive, this function 


must be of the form 
E = Nf(S/N, VIN), (24.1) 


the most general homogeneous function of the first order in N, S and V. 
The free energy F is a function of N, T and V. Since the temperature is 
constant throughout the body, and the volume is additive, a similar argument 
gives 
F=Nf(VIN, T). (24.2) 
In exactly the same way we have for the heat function W, expressed as a 
function of N, S and the pressure P, 


W = Nf(S/N, P). (24.3) 
Finally, the thermodynamic potential as a function of N, P and T is 
® = Nf(P,T). (24.4) 


In the foregoing discussion we have essentially regarded the number of 
particles as a parameter which has a given constant value for each body. 
We shall now formally consider N as a further independent variable. Then the 
expressions for the differentials of the thermodynamic potentials must in- 
clude terms proportional to dN. For example, the total differential of the 
energy will be written 


dE = TdS—P dV+ yz dN, (24.5) 
where yu denotes the partial derivative 
uu = (OE/ON)s, v. (24.6) 


The quantity u is called the chemical potential of the body. Similarly we 


have 
dW = TdS+VdP+udvN, (24.7) 


dF = —SdT—PdV+y4N, (24.8) 
d® = —SdT+VdP+ydQN, (24.9) 
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with the same py. These formulae show that 
= (OW/ON)s, p = (OF/ON)r, y = (0P/ON)p, r, (24.10) 


i.e. the chemical potential can be obtained by differentiating any of the 
quantities E, W, F and ® with respect to the number of particles, but the 
result is expressed in terms of different variables in each case. 
Differentiating ® in the form (24.4), we find that u = O0®/ON = f(P, T), 
1.e. 
® = Nu. (24.11) 


Thus the chemical potential of a body (consisting of identical particles) is 
just its thermodynamic potential per molecule. When expressed as a function 
of P and T, the chemical potential is independent of N. Thus we can imme- 
diately write down for the differential of the chemical potential 


du = —s dT+v dP, (24.12) 


where s and v are the entropy and volume per molecule. 

If we consider (as we have usually done hitherto) a definite amount of 
matter, the number of particles in it is a given constant, while the volume 
is variable. Let us now take a certain volume within the body, and consider 
the matter enclosed therein; the number of particles N will now be variable, 
and the volume V constant. Then, for example, equation (24.8) reduces to 


dF = —SdT+pdN. 


Here the independent variables are T and N. We may define a thermodynamic 
potential such that the second independent variable is u, not N. To do so, 
we substitute u dN = d(uN)—N dy, obtaining 


d(F—uN) = —SdT—N du. 
But uN = ©, and F—® = —PV. Thus the new thermodynamic potential 
(denoted by £2) is just 


Q = —PY, (24.13) 
and 


dQ = —SdT—N du. (24.14) 


The number of particles is obtained by differentiating Q with respect to the 
chemical potential at constant temperature and volume: 


N = ~@2/8y)z, vy = V@P/Ou)r, y. (24.15) 


In the same way as we proved the equality of small changes in E, W, F and 
® (with the appropriate pairs of quantities constant (see (15.12)), we can 
easily show that the change (62)7 ,,y at constant JT, uw, V has the same 
property: 


(6E)s v,n a (6F)r, vV,N>= (6®) 7 P,N = (6W)s, P,N > (62) >, Viu (24.16) 
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Finally, as in §§15 and 20 for the free energy and the thermodynamic 
potential, we may show that the work in a reversible process occurring at 
constant 7, V and yp is equal to the change in the potential Q. In a state of 
thermal equilibrium the potential 2 is a minimum with respect to any change 
of state at constant TJ, V, p. 


PROBLEM 


Derive an expression for the specific heat C, in terms of the variables 7, p, V. 
SOLUTION. We transform the derivative C, = T(0S/8T)y, y to the variables T, V, fs 
writing (with V regarded as a constant throughout) 
(35) BED. _USNEG o _ (88) _cesienaenren, 
OT/y 8T,N) OT, N)/O(T, #) OT] u (ON/Ou)2 
But (0S/0u)7 = —6*2/0TOp = (ON/OT),, and therefore 


<= 7{(é2),-“ewrae 


§25. Equilibrium of a body in an external field 


Let us consider a body in an external field which is constant in time. 
The different parts of the body are in different conditions, and the body will 
therefore be inhomogeneous. One of the conditions of equilibrium of such a 
body is again that the temperature should be constant throughout it, but the 
pressure will now vary from point to point. 

To derive the second condition of equilibrium, let us consider two ad- 
joining volumes in the body and maximise their entropy S = S,+S2 when 
the remainder of the body is in a fixed state. One necessary condition for a 
maximum is that the derivative 6S/ONi should be zero. Since the total 
number of particles Ni1+Ne in these two parts of the body is regarded as 
constant, we have 


OS 8S: , OS, ONz_ 9S, BS. _ 


ON; ONy ONg ON; ON; ON, 
The equation dE = TdS+ 4p dN, written in the form 


shows that the derivative 0S/ON for constant E and Tis —u/T. Thus y1/7) = 
He/T2. But in equilibrium 7, = Te, so that ui = pe. We therefore con- 
clude that in equilibrium in an external field, in addition to the constancy 
of temperature, we must have 

»# = constant, (25.1) 
i.e. the chemical potential of every part of the body must be the same. The 
chemical potential of each part is a function of its temperature and pressure, 
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as well as of the parameters which define the external field. If there is no field, 
the constancy of p and T necessarily implies that of the pressure. 

In a gravitational field the potential energy u of a molecule is a function 
only of the co-ordinates x, y, z of its centre of gravity (and not of the arran- 
gement of the atoms within the molecule). In this case the change in the 
thermodynamic quantities for the body amounts to adding to its energy the 
potential energy of the molecules in the field. In particular, the chemical 
potential (the thermodynamic potential per molecule) has the form pw = pot 
u(x, y, Z), where po(P, T) is the chemical potential in the absence of the 
field. Thus the condition of equilibrium in a gravitational field may be 
written 

Uo(P, T)+u(x, y, Z) = constant. (25.2) 


In particular, in a uniform gravitational field u = mgz (where m is the mass 
of a molecule, g the acceleration due to gravity, and z the vertical co-ordinate). 
Differentiating equation (25.2) with respect to the co-ordinate z at constant 
temperature, we have v dP = —mgdz, where v = (Of0/OP), is the specific 
volume. For small changes in pressure, v may be regarded as constant. Substi- 
tuting the density 90 = m/v and integrating, we obtain 


P = constant — 0gz, 


the customary formula for the hydrostatic pressure in an incompressible fluid. 


§26. Rotating bodies 


In a state of thermal equilibrium, as we have seen in §10, only a uniform 
translational motion and a uniform rotation of a body as a whole are pos- 
sible. The uniform translational motion needs no special treatment, since by 
GALILEO’s relativity principle it has no effect on the mechanical properties 
of the body, nor therefore on its thermodynamic properties, and the thermo- 
dynamic quantities are unchanged except that the energy of the body is 
increased by its kinetic energy. 

Let us consider a body in uniform rotation round a fixed axis with angular 
velocity 2. Let E(p, g) be the energy of the body in a fixed co-ordinate system 
and E’(p, g) the energy in a co-ordinate system rotating with the body. We 
know from mechanics that these quantities are related by 


E(p, q) = E(p, q)-2-M(p, q), (26.1) 
where M(p, qg) is the angular momentum of the body.t 


t See Mechanics, §39. Although the derivation of formula (39.13) is based on classical 
mechanics, in quantum theory exactly the same relations apply to the operators of the 
corresponding quantities. Hence all the thermodynamic relations derived below are inde- 
pendent of which mechanics describes the motion of the particles in the body. 
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Thus the energy E’(p, g) depends on the angular velocity 2 as a parameter, 
and 
OE'(p, q)/02 = —M(, 9). 
Averaging this equation over the statistical distribution and using formula 


(11.3), we obtain 
(OE'/02), = —M, (26.2) 


where E’ = E'(p, gq), M = M(p, q) are the mean (thermodynamic) energy and 
angular momentum of the body. 

From this relation we can write down the differential of the energy of a 
rotating body of given volume: 


dE’ = TdS—MedQ. (26.3) 


Similarly, for the free energy F’ = E’—TS (in the rotating co-ordinate sys- 
tem) we have 
dF’ = —~SdT—MedQ. (26.4) 
Averaging equation (26.1) gives 
E’ = E—-M-Q, (26.5) 


Differentiating this equation and substituting (26.3), we obtain the differen- 
tial of the energy in the fixed co-ordinate system: 
dE = TdS+Q2-dM. (26.6) 


Correspondingly, for the free energy F = E—TS 
dF = —SdT7+Q2-dM. (26.7) 


Thus in these relations the independent variable is not the angular velocity 
but the angular momentum, and 
Q = (BE/OM)s = (OF/OM)r. (26.8) 


As we know from mechanics, a uniform rotation is in a certain sense equi- 
valent to the presence of two fields of force, centrifugal and Coriolis. The 
centrifugal forces are proportional to the size of the body, as they involve the 
distance from the axis of rotation; the Coriolis forces are independent of the 
size of the body. For this reason the effect of the Coriolis forces on the thermo- 
dynamic properties of a rotating macroscopic body is entirely negligible in 
comparison with that of the centrifugal forces, and the former can usually be 
neglected. The condition of thermal equilibrium of a rotating body is there- 
fore obtained by simply substituting for u(x, y, z) in (25.2) the centrifugal 
energy of the particles: 

Lo P, T) —4mQ?r? = constant, (26.9) 


t It may be shown that in classical statistics the Coriolis forces do not affect the statistical 
properties of the body; see §34. 
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where flo is the chemical potential of the body at rest, m the mass of a mole- 
cule, and r the distance from the axis of rotation. 

For the same reason, the total energy E of a rotating body may be written 
as the sum of its internal energy (here denoted by £,,) and its kinetic energy 
of rotation: 

E = E,,+ M?/21, (26.10) 


where I is the moment of inertia of the body with respect to the axis of rota- 
tion. It should be remembered that rotation in general changes the distribu- 
tion of mass in the body, and so the moment of inertia and internal energy 
of the body are themselves in general functions of 2 (or of M). They may be 
regarded as constants independent of 2 only when the rotation is sufficiently 
slow. 

Let us consider an isolated uniformly rotating solid with a given mass 
distribution. Since the entropy of a body is a function of its internal energy, 
we have in this case S = S(E— M?/2]). Because the body is a closed system, 
its total energy and angular momentum are conserved, and the entropy must 
have the maximum value possible for the given M and E. We therefore con- 
clude that the equilibrium rotation of the body takes place about the axis 
with respect to which the moment of inertia has the greatest possible value. 
This assumes that the axis of rotation is necessarily a principal axis of inertia 
of the body, but the latter result is evident: if the body rotates about an axis 
other than a principal axis of inertia, then, as we know from mechanics, the 
axis of rotation will itself precess in space, and the rotation will be non- 
uniform, and therefore not an equilibrium rotation. 


§27. Thermodynamic relations in the relativistic region 


Relativistic mechanics leads to a number of changes in the usual thermo- 
dynamic relations. Here we shall discuss the most interesting of these changes. 

If the microscopic motion of the particles forming a body becomes relativ- 
istic, the general thermodynamic relations are unchanged, but the applica- 
tion of relativity theory to this case leads to an important inequality between 
the pressure and energy of the body: 


P < E/3V, (27.1) 


where £ is the energy of the body including the rest energy of the particles 
in it.f 

The changes caused by the general theory of relativity in the conditions of 
thermal equilibrium, taking account of the gravitational field of the body 
itself, are of fundamental importance. Let us consider a macroscopic body at 


t See The Classical Theory of Fields, §35. 
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rest; its gravitational field is, of course, constant. In a constant gravitational 
field we must distinguish the conserved energy Eo of any small part of the 
body from the energy E measured by an observer situated at a given point. 
These two quantities are related byt 
Ey = En/ — 800: 

where. goo is the time component of the metric tensor. But, from the sense of 
the proof given in §9 that the temperature is constant throughout a body in 
equilibrium, it is clear that the quantity obtained by differentiating the entropy 
with respect to the conserved energy Eo must be constant. The temperature T 
measured by an observer situated at a given point in space is, however, ob- 
tained by differentiating the entropy with respect to the energy £, and will 
therefore be different at different points in the body. 

To derive a quantitative relation, we note that the entropy, by definition, 
depends only on the internal state of the body and so is unchanged by the 
presence of a gravitational field (provided that this field does not affect the 
internal properties of the body, a condition which is always satisfied in prac- 
tice). The derivative with respect to entropy of the conserved energy Eo is 
therefore T4/—goo, and so one of the conditions of thermal equilibrium is 
that 

TV/ —Zo9 = constant (27.2) 
throughout the body. 

A similar change occurs in the second condition of equilibrium, the con- 
stancy of the chemical potential. The latter is defined as the derivative of the 
energy with respect to the number of particles. Since this number is of course 
unaffected by a gravitational field, we have for the chemical potential meas- 
ured at any given point a relation of the same kind as for the temperature: 


L/ — Zoo = constant. (27.3) 
We may note that the relations (27.2), (27.3) may be written 
T = constant Xdx°/ds, (27.4) 


= constant Xdx°/ds, 


which enable us to consider the body not only in the frame of reference in 
which it is at rest but also in those where it is moving (rotating as a whole). 
The derivative dx°/ds must be taken along the world line described by the 
point considered in the body. 

In a weak (Newtonian) gravitational field, goo = —1—2¢/c?, where ¢ is 
the gravitational potential.t Substituting this expression in (27.2) and taking 
the square root, we have to the same approximation 


T = constant X(1—@/c?). (27.5) 


t See The Classical Theory of Fields, §89 (formula (89.9) with »v = 0 and E = mc’). 
t See The Classical Theory of Fields, §87. 
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Since @ < 0, this shows that in equilibrium the temperature is higher at 
points in the body where | @| is greater, i.e. within the body. In the limit of 
non-relativistic mechanics (¢ + -), (27.5) becomes 7 = constant, as it 
should. 

We can similarly transform the condition (27.3), bearing in mind that the 
relativistic chemical potential, in the limit of classical mechanics, does not 
directly become the ordinary (non-relativistic) expression for the chemical 
potential in the absence of a field, which we now denote by po, but fot me?, 
where mc? is the rest energy of a particle of the body. Thus we have 


LA/ — 8 © (Ug tme?)(1 + p/c?) 
& Uyt+mc?+md, 
so that the condition (27.3) becomes 
Lo t+mo = constant; 
this agrees with (25.2), as it should. 

Finally, we may mention a useful relation which follows immediately from 
the conditions (27.2) and (27.3). Dividing one by the other, we find that 
u/T = constant, and hence 

du/u = d7/T. 
From (24.12), at constant volume (equal to unity) we have 
dP = SdT+N dp, 
where S and N are the entropy and number of particles in unit volume of the 


body. Substituting dT = (T/u) du and noting that uN+ST = ©+ST = e+P, 
where « is the energy per unit volume, givest 


du/u = dP/(e+P). (27.6) 


tT In the non-relativistic case this relation becomes a trivial identity. Putting sz = mc? 
£ = gc? » P (where g is the density), we get du = » dP with v = m/o the volume per 
particle; this is as it should be for T = constant. 


CHAPTER III 


THE GIBBS DISTRIBUTION 


§28. The Gibbs distribution 


LET us now turn to the problem stated in Chapter I of finding the distribution 
function for a subsystem, i.e. any macroscopic body which is a small part of 
some large closed system. The most convenient and general method of 
approaching the solution of this problem is based on the application of the 
microcanonical distribution to the whole system. 

Distinguishing the body in question from the rest of the closed system, we 
may consider the system as consisting of these two parts. The rest of the 
system will be called the “medium”’ in relation to the body. 

The microcanonical distribution (6.6) can be written in the form 


dw = constant X (E+ £’—E®) dl dI”, (28.1) 


where E, d/’ and E’, dI” relate to the body and the medium respectively, and 
E© is the given value of the energy of the closed system, which must be equal 
to the sum E+E’ of the energies of the body and the medium. 

Our object is to find the probability w, of a state of the whole system 
such that the body concerned is in some definite quantum state (with energy 
E,), i.e. a microscopically defined state. The microscopic state of the medium 
is of no interest, so that we shall suppose this to be in a macroscopically 
defined state. Let AI” be the statistical weight of the macroscopic state of the 
medium, and let JE’ be the range of values of the energy of the medium 
corresponding to the range AZ” of quantum states in the sense discussed in 
§7. 

The required probability w, can be found by taking dJ’ = 1 in (28.1), 
putting E = E, and integrating with respect to I’: 


W, = constant X [ete —Eo di’. 


Let I’(E’) be the total number of quantum states of the medium with energy 
not exceeding E’. Since the integrand depends only on E’, we can change to 
integration with respect to EZ’, putting dl” = (dI"(E’)/dE’) dE’. The derivative 
dl” /dE’ is replaced (cf. §7) by 
dI’ /dE’ — eS(E)/AE’, 
76 
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where S’(E’) is the entropy of the medium as a function of its energy; AE’ is, 
of course, also a function of £’. Thus we have 


es’ 


, — Fo) ’ 
Gp UE + En E®) dE’. 


Wy = constantx | 


Owing to the presence of the delta function, the result of the integration is 


simply to replace E’ by E—E,: 
Ss: 
Ww, = constant X (aE 


F) E! = E-E, 

We now use the fact that, since the body is small, its energy E, is small in 
comparison with E®. The quantity JE’ undergoes only a very small relative 
change when EL’ varies slightly, and so in JE’ we can simply put EF’ = E®; 
it then becomes a constant independent of E,,. In the exponential factor e®”, 
we must expand S’(E® — E_) in powers of E,, as far as the linear term: 


S(E®—E,) = S'(E)—E, dS(E®)/dE©, 


(28.2) 


The derivative of the entropy S’ with respect to energy is just 1/7, where T 
is the temperature of the system; the temperatures of the body and the medium 
are the same, since the system is assumed to be in equilibrium. 

Thus we have finally for w, the expression 


Wy, = Ae-#nIT, (28.3) 


where A is a normalisation constant independent of E,. This is one of the 
most important formulae in statistical physics. It gives the statistical distribu- 
tion of any macroscopic body which is a comparatively small part of a large 
closed system. The distribution (28.3) is called the Gibbs distribution or canon- 
ical distribution; it was discovered by Grpps for classical statistics in 1901. 
The normalisation constant A is given by the condition )'w, = 1, whence 
He nya (28.4) 
AT 
The mean value of any physical quantity f pertaining to the body can be 
calculated by means of the Gibbs distribution, using the formula 


f= py Wrfnn 
= Vfane~ Ee T/¥ e~ EnlT, (28.5) 


In classical statistics an expression exactly corresponding to (28.3) is 
obtained for the distribution function in phase space: 


o(p, q) = Ae“E(P. IT, (28.6) 
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where E(p, q) is the energy of the body as a function of its co-ordinates and 
momenta.' The normalisation constant A is given by the condition 


fe dp dq = A[e-Fo MT dp dg = 1. (28.7) 


In practice, cases are frequently encountered where it is not the entire 
microscopic motion of the particles which is quasi-classical, but only the 
motion corresponding to some of the degrees of freedom, whereas the motion 
with respect to the remaining degrees of freedom is quantised (for example, 
the translational motion of the molecules may be quasi-classical while the 
motion of the atoms within the molecules is quantised). Then the energy 
levels of the body may be written as functions of the “quasi-classical”’ co- 
ordinates and momenta: E, = E,(p, qg), where n denotes the set of quantum 
numbers defining the “quantised part’? of the motion, for which p and gq are 
parameters. The Gibbs distribution formula then becomes 


dw,(p, g) = Ae~Falp, O/T dp.) dg, (28.8) 


where dp,, dq, is the product of differentials of the “quasi-classical” co- 
ordinates and momenta. 

Finally, the following comment is necessary concerning the group of prob- 
lems which may be solved by means of the Gibbs distribution. We have spo- 
ken of the latter throughout as the statistical distribution for a subsystem, as 
in fact it is. It is very important to note, however, that this same distribution 
can quite successfully be used also to determine the fundamental statistical 
properties of bodies forming closed systems, since such properties of a body 
as the values of the thermodynamic quantities or the probability distributions 
for the co-ordinates and velocities of its individual particles are clearly inde- 
pendent of whether we regard the body as a closed system or as being placed 
in an imaginary thermostat (§7). But in the latter case the body becomes a 
“subsystem” and the Gibbs distribution is immediately applicable to it. The 
difference between bodies forming closed and non-closed systems when the 
Gibbs distribution is used appears essentially only in the treatment of the 
fairly unimportant problem of fluctuations in the total energy of the body. 
The Gibbs distribution gives for the mean fluctuation of this quantity a non- 
zero value, which is meaningful for a body in a medium but is entirely spu- 
rious for a closed system, since the energy of such a body is by definition 
constant and does not fluctuate. 

The possibility of applying the Gibbs distribution (in the manner described) 
to closed systems is also seen from the fact that this distribution hardly differs 

t To avoid misunderstanding, let us mention once more that the w, (or @) are monotonic 
functions of energy and need not have maxima for E = E. It is the distribution function 


with respect to energy, obtained by multiplying w, by dI(E)/dE, which has a sharp maxi- 
mum at E=E. 
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from the microcanonical distribution, while being very much more convenient 
for practical calculations. For the microcanonical distribution is, roughly 
speaking, equivalent to regarding as equally probable all microstates of the 
body which correspond to a given value of its energy. The canonical distribu- 
tion is “spread” over a certain range of energy values, but the width of this 
range (of the order of the mean fluctuation of energy) is negligible for a 
macroscopic body. 


§29. The Maxwellian distribution 


The energy E(p, g) in the Gibbs distribution formula of classical statistics 
can always be written as the sum of two parts: the kinetic energy and the 
potential energy. The first of these is a quadratic function of the momenta of 
the atoms’, and the second is a function of their co-ordinates, the form of 
which depends on the law of interaction between the particles within the body 
(and on the external field, if any). If the kinetic and potential energies are 
denoted by K(p) and U(q) respectively, then E(p, g) = K(p)+U(q), and the 
probability dw = o(p, gq) dp dg becomes 


dw = Ae U(@)/Te— K(p)/T dp dq, 


i.e. is the product of two factors, one of which depends only on the co- 
ordinates and the other only on the momenta. This means that the probabil- 
ities for momenta (or velocities) and co-ordinates are independent, in the sense 
that any particular values of the momenta do not influence the probabilities of 
the various values of the co-ordinates, and vice versa. Thus the probability 
of the various values of the momenta can be written 


dw, = ae—K(py/T dp, (29.1) 
and the probability distribution for the co-ordinates is 
dw, = be UM@IT dq, (29.2) 


Since the sum of the probabilities of all possible values of the momenta 
must be unity (and the same applies to the co-ordinates), each of the probabil- 
ities dw, and dw, must be normalised, i.e. their integrals over all possible 
values of the momenta and co-ordinates respectively for the body concerned 
must be equal to unity. From these conditions we can determine the constants 
aand b in (29.1) and (29.2). 

Let us consider the probability distribution for the momenta, and once 
again emphasise the very important fact that in classical statistics this distri- 
bution does not depend on the nature of the interaction of particles within 


t It is assumed that Cartesian co-ordinates are used. 
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the system or on the nature of the external field, and so can be expressed in 
a form applicable to all bodies.* 

The kinetic energy of the whole body is equal to the sum of the kinetic 
energies of each of the atoms composing it, and the probability again falls 
into a product of factors, each depending on the momenta of only one atom. 
This again shows that the momentum probabilities of different atoms are 
independent, i.e. the momentum of one does not affect the probabilities of vari- 
ous momenta of any other. We can therefore write the probability distri- 
bution for the momenta of each atom separately. 

For an atom of mass m the kinetic energy is (p,?-+p,?+p,”)/2m, where p,,, 
Py» Pz, are the Cartesian components of its momentum, and the probability 
distribution is 

dWp = ae (Patt py'tp.%)/2mT dp, dp, dp,. 
The constant a is given by the normalisation condition. By means of the for- 
mula 


| e-*% dx = /(a/«) 


we find 


co 068i 


° J | | erste pst tp Alam dp. dpy Op, 


oo 3 
= ( | e—p2/2mT ) 


= a(Q2amT)3/2 = 1, 
whence a = (2xmT)~*”, and the momentum probability distribution takes 
the final form 
] 
= (QumT 2 
Changing from momenta to velocities (p = mv), we can write the corre- 
sponding velocity distribution as 


dw, e~ (Pity +PA)lamT dp. dp, dp,. (29.3) 


3/2 
dwy = (2) e-mr.2+v,2+02)2T dy, do, do,. (29.4) 


This is the Maxwellian distribution (MAXWELL 1860). It again consists of 
a product of three independent factors 


m 
dw», => Inge 2Tdo,., Seca (29.5) 


each of which gives the probability distribution for a single velocity compo- 
nent. 


+ In quantum statistics this statement is not quite true in general. 
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If the body consists of molecules (e.g. a polyatomic gas), then together with 
the Maxwellian distribution for the individual atoms there is a similar distri- 
bution for the translational motion of each molecule as a whole: from the 
kinetic energy of the molecule we can separate a term which gives the energy 
of the translational motion, and so the required distribution separates in the 
form (29.4), where m must now be taken as the total mass of the molecule, 
and v,, Vy, V, as the velocity components of its centre of mass. It should be 
emphasised that the Maxwellian distribution for the translational motion of 
molecules can be valid quite independently of the nature of the motion of the 
atoms within the molecule (and the rotation of the molecule), and in partic- 
ular when a quantised description of the latter is necessary.* 

The expression (29.4) is written in terms of Cartesian co-ordinates in 
“velocity space’’. If we change from Cartesian to spherical polar co-ordina- 
tes, the result is 


3/2 
= at. —Mv2/2T 92 <4 
dwy (2) e v* sin 0 dé d¢d du, (29.6) 


where v is the absolute magnitude of the velocity, and 8 and @ the polar angle 
and azimuthal angle which determine the direction of the velocity. Integra- 
tion with respect to angle gives the probability distribution for the absolute 
magnitude of the velocity: 
dw, = 4x (ser) e— Me/2T72 dy, (29.7) 
It is sometimes convenient to use cylindrical co-ordinates in velocity 
space. Then 
a Ne 
dwy = (.,) e~mv+v7A2T y dv, dv, dd, (29.8) 
where v, is the velocity component along the z-axis, v, the component per- 
pendicular to that axis, and ¢@ the angle which gives the direction of this 
component. 
Let us calculate the mean kinetic energy of an atom. According to the defi- 
nition of the mean, and using (29.5), we find for any Cartesian velocity com- 
ponentt 


v2 = J a | v,2e-me2T dy, 
T/m. 


—oo 


(29.9) 


t The Maxwellian distribution clearly applies also to the Brownian motion of particles 
suspended in a liquid. 
t For reference we shall give the values of the integrals of the form 
| [e-= x" dx, 


0 
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The mean value of the kinetic energy of the atom is therefore 37/2, or 3kT/2 
when the temperature is measured in degrees. We can thus say that the mean 
kinetic energy of all the particles in the body in classical statistics is always 
3NT/2, where N is the total number of atoms. 


PROBLEMS 


PROBLEM 1. Find the mean value of the nth power of the absolute magnitude of the 
velocity. 


SOLUTION. Using (29.7), we find 


Ene 3/2 - 
ou" = dn (ser) [ e—mv2/2Tant+2 dy 
zg teen (=)" r() ; 
Vu\m 2 
In particular, if n is even (= 2r), then 
ve? = (T/m)(2r+1)!!; 
if nm = 2r+1, then 


m 


peti => 


EL 


PROBLEM 2, Find the mean square fluctuation of the velocity. 


2r41)/2 
2 (=): (r+1)!. 


SOLUTION. We have 
(40)? = (v— 9)? = vi—v, 
The result of Problem 1 with n = 1 and n = 2 gives 
(4v)? = (T/m)(3— 8/7). 


PROBLEM 3, Find the mean energy, the mean square energy, and the mean square fluctua- 
tion of the kinetic energy of an atom. 


which often occur in applications of the Maxwellian distribution. The substitution ax? = y 
gives 


L= Fa—(+1)/2 J e~ vy(n—1)/2 dy 
0 
= $07 DPT an+4), 
where I(x) is the gamma function. In particular, if n = 2r with r > 0, then 


(2r—1)!! A 
Top = Sex yf Gara? 


where (2r—1)!! = 1-3-5- ... (2r—1). If r = 0, then 
I, = $V (a/a). 


Teygy = rl /2artt, 


The same integral from — co to +o is zero if nm = 2r+1and twice the integral from 0 to 
co if nm = 2r. 


If nm = 2r+1, then 
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SOLUTION. From the results of Problem 1 we find 
= = $ mv? = 37/2, 
e? = 4 my! = 1572/4, 
(Ae)? = 62 — 8? = 372/2. 
PROBLEM 4. Find the probability distribution for the kinetic energy of an atom. 


SOLUTION. 


dw, —eiT /e de, 


2 
~ “Vary © 
PRosBLeM 5. Find the probability distribution for the angular velocities of rotation of 
molecules. 


SOLUTION. Just as for translational motion, we can write the probability distribution 
for the rotation of each molecule separately (in classical statistics). The kinetic energy of 
rotation of a molecule regarded as a rigid body (which is permissible, owing to the smallness 
of the atomic vibrations within the molecule) is 

Mit My me 


cot = EDEN? + 109) = 4 (EEE 


where /,, Z,, J, are the principal moments of inertia, 2,, 2,, 23 are the components of the 
angular velocity along the principal axes of inertia, and M, = 1,2,, Mz = 1,22, M3 = 1323 
are the components of the angular momentum, which act as generalised momenta with 
respect to the velocities 2,, 2,, 23. The normalised probability distribution for the 
angular-momentum components is 


2 2 2 
dw = (227)-9/2(L,1g1,)—1/2exp [- | (7 Mi Ms 


oT oes Te 7) dM, dM, dM; 
and for the angular velocity 


dw = (22T)—9/2(,Iel)'/2exp [- a7 2+ 102+ 1,0, dQ, dQ, dQ;. 


PROBLEM 6. Find the mean squares of the absolute magnitudes of the angular velocity 
and angular momentum of a molecule. 


SOLUTION. The above distributions give 


M? = TU,+12+1)). 


§30. The probability distribution for an oscillator 


Let us consider a body whose atoms are executing small oscillations about 
some equilibrium positions. They may be atoms in a crystal or in a gas mole- 
cule; in the latter case the motion of the molecule as a whole does not affect 
the oscillations of the atoms within it and so does not influence the results. 

As we know from mechanics, the Hamiltonian (the energy) of a system 
consisting of an arbitrary number of particles executing small oscillations can 


be written as a sum: 
E(p, q) aad z > (p,? a 7G"), 
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where q, are what are called the normal co-ordinates of the oscillations (equal 
to Zero at points of equilibrium), p, = 4, are the corresponding generalised 
momenta, and w, are the oscillation frequencies. In other words, E(p, q) is 
a sum of independent terms, each corresponding to a separate normal oscil- 
lation (or, as we say, to an oscillator). In quantum mechanics the same is true 
of the Hamiltonian operator of the system, so that each oscillator is indepen- 
dently quantised and the energy levels of the system are given by the sums 


» ho, (1, a5 4), 


the n, being integers. 

As a result of these facts the Gibbs distribution for the whole system is a 
product of independent factors, each giving the statistical distribution for a 
separate oscillator. In consequence we shall consider a single oscillator in 
what follows. 

Let us determine the probability distribution for the co-ordinate g of an 
oscillator’; the suffix « which gives the number of the oscillator will be omit- 
ted henceforward. In classical statistics the solution to this problem would be 
very simple: since the potential energy of the oscillator is {w%q?, the probabil- 
ity distribution is 

dw, = Ae-?’?? da, 


or, determining A from the normalisation condition, 


7) 
_ —w2 2] T ° 
dw, = Vant) T° P27 dq; (30.1) 


the integration with respect to g may be taken from — ~ to + ©, since the 
integral is rapidly convergent. 

Let us now consider the solution of this problem in the quantum case. Let 
y,(q) be the wave functions of the stationary states of the oscillator, corre- 
sponding to the energy levels 

En = ho(n+4). 


If the oscillator is in the nth state, the quantum probability distribution 
for its co-ordinate is given by p? (in the present case the functions y»,, are real, 
and so we write simply y? instead of the squared modulus |y,|2). The required 
statistical probability distribution is obtained by multiplying py? by the prooa- 
bility w,, of finding the oscillator in the nth state, and then summing over all 
possible states. 

According to the Gibbs distribution, 


Wy = ae~*n'T, 


t The normal co-ordinate has the dimensions cm- g!/?. 
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where a is aconstant. Thus we have the formula 


dw, = adg }. e~*n/Ty, 2, (30.2) 
n=0 
which is, of course, entirely in agreement with the general formula (5.8). 
To calculate the sum, we can proceed as follows. With the notation dw, = 
@, dg, we form the derivative 


do, = dpn 
—*.= 2a Y e-*/T ; 
dq & ¥n “dg 


Using the momentum operator p = — ih d/dq and the fact that the oscillator 
momentum has non-zero matrix elements* only for transitions withn + n+ 1, 
we can write 


i 
= h (Pn-1, nPn—1 + Pn4t, n¥n41) 


(8) 
= (4n_1, n¥n-1— Fn41, n¥n+- 


Here we have used the relations 


Pn-i,n = —104n_1, n> Pn+1, n = 1©Gn 41, n 
between the momentum and co-ordinate matrix elements. Thus 
de, _2aw{= 
—>S = = = e-fnlT 
dq h Lan 1, nYnYn—1 


= » Qn +1, ove lT| . 
n=0 


In the first sum we change the summation suffix from n to n+1 and use the 
relations 


Engi = Entho, Qnt1,n = In, n+. 91,9 = 9, 
obtaining 
d 2 is 
a pe eet (1 —e-*e/T) > Gn, n+1YnPn41e7 /T, 
dq h n=0 " 


In an exactly similar manner we can prove that 


GOqg = Al +e-he/T) Y In, n+1¥nPnq1e nl? 
n=0 


A comparison of the two equations gives 


t See Quantum Mechanics, §23. 
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whence 


ho 
0, = constant Xexp {~ gq + tanh rt 
Determining the constant from the normalisation condition, we finally obtain 
the formula 


h 


(F. BLocH 1932). Thus in the quantum case also the probabilities of various 
values of the co-ordinate of an oscillator are distributed according to a law 
of the form exp (—«q?), but the coefficient « differs from that in the classical 
case. In the limit iw < 7, where the quantisation is unimportant, formula 
(30.3) becomes (30.1), as we should expect. 

In the opposite limiting case iw > T, formula (30.3) becomes 


@ 
dig = [si exp (—q?e/fi) da, 


1/2 
dw, = & 7 tanh 77) exp ig Gs ° tanh rh dq (30.3) 


i.e. the purely quantum probability distribution for the co-ordinate in the 
ground state of the oscillator. This corresponds to the fact that when 
T < ho the oscillations are hardly excited at all. 

The probability distribution for the momentum of the oscillator can be 
written by analogy with (30.3) without repeating the calculation. The reason 
is that the problem of quantisation of the oscillator is completely symmetrical 
as regards the co-ordinate and the momentum, and the oscillator wave func- 
tions in the p representation are the same as its ordinary co-ordinate wave 
functions (q being replaced by p/w).* The required distribution is therefore 


71 hiw\ Ve Pe ho 
dw» = (aa tanh od exp | - Z~ tanh or dp. (30.4) 


In the limit of classical mechanics (Aw «< T) this becomes the usual Maxwel- 


lian distribution: 
= (2nT)-1/2e-P*/2T dp. (30.5) 


§31. The free energy in the Gibbs distribution 


According to formula (7.9) the entropy of a body can be calculated as the 
mean logarithm of its distribution function: 
S = — log Wy. 
Substituting the Gibbs distribution (28.3) gives 
S = — log A+E/T, 


t This is the squared modulus of the wave function of the ground state of the oscillator. 
t See Quantum Mechanics, §23, Problem 1. 
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whence log A = (E—TS)/T. But the mean energy E£ is just what is meant by 
the term “energy” in thermodynamics; hence E—TS = F and log A = F/T, 
i.e. the normalisation constant of the distribution is directly related to the free 
energy of the body. 

Thus the Gibbs distribution may be written in the form 


Wn = e(F -E,)/T, (31.1) 


and this is the form most frequently used. The same method gives in the clas- 
sical case, using (7.12), the expression 


o= (2nh)-sel F-Etp, QyVT, (31.2) 
The normalisation condition for the distribution (31.1) is 
» Wr = eFITY e-E,/T = |, 
n n 


whence 
e-FIT = y e-E,/T 
n 


or, taking logarithms, 
F = —T log ¥' e~=s/T. (31.3) 
n 


This formula is fundamental in thermodynamic applications of the Gibbs 
distribution. It affords, in principle, the possibility of calculating the thermo- 
dynamic functions for any body whose energy spectrum is known. 

The sum in the logarithm in (31.3) is usually called the partition function 
(or sum over states). It is just the trace of the operator exp (— A/T), where 7 
is the Hamiltonian of the body": 


Z = Yi e-®/T = trexp (—A/T). (31.4) 


This notation has the advantage that any complete set of wave functions may 
be used in order to calculate the trace. 

A similar formula in classical statistics is obtained from the normalisation 
condition for the distribution (31.2). First of all, however, we must take ac- 
count of the following fact, which was unimportant so long as we were discus- 
sing the distribution function as such and not relating the normalisation 
coefficient to a particular quantitative property of the body, viz. its free 
energy. If, for example, two identical atoms change places, then afterwards 
the microstate of the body is represented by a different phase point, obtained 
from the original one by replacing the co-ordinates and momenta of one atom 
by those of the other. On the other hand, since the interchanged atoms are 
identical, the two states of the body are physically identical. Thus a number of 
points in phase space correspond to one physical microstate of the body. 
In integrating the distribution (31.2), however, each state must of course be 


tIn accordance with the general rules, exp (-#/T) denotes an operator whose eigen- 
functions are the same as those of the operator H and whose eigenvalues are e—4n/7, 
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taken only once.’ In other words, we must integrate only over those regions 
of phase space which correspond to physically different states of the body. 
This will be denoted by a prime to the integral sign. 

Thus we have the formula 


r= Troe { e~E(p, DIT dP; (31.5) 


here and in all similar cases below, df’ denotes the volume element in phase 
space divided by (27%)*: 
dI° = dp dq/(2xh)*. (31.6) 
Thus the partition function in the quantum formula (31.3) becomes an inte- 
gral over states. As already mentioned in §29, the classical energy E(p, q) can 
always be written as the sum of the kinetic energy K(p) and the potential 
energy U(q). The kinetic energy is a quadratic function of the momenta, and 
the integration with respect to the latter can be effected in a general form. 
The problem of calculating the partition function therefore actually reduces 
to that of integrating the function e~ “!/? with respect to the co-ordinates. 
In the practical calculation of the partition function it is usually convenient 
to extend the region of integration and include an appropriate correction 
factor. For example, let us consider a gas of N identical atoms. Then we can 
integrate with respect to the co-ordinates of each atom separately, extending 
the integration over the whole volume occupied by the gas; but the result 
must be divided by the number of possible permutations of N atoms, which 
is N!. In other words, the integral f’ can be replaced by the integral over all 
phase space, divided by N!: 


: 1 
[ar = arf a? (31.7) 

Similarly, it is convenient to extend the region of integration for a gas consist- 
ing of N identical molecules: the integration with respect to the co-ordinates 
of each molecule as a whole (i.e. the co-ordinates of its centre of mass) is 
carried out independently over the whole volume, whilst that with respect 
to the co-ordinates of the atoms within the molecule is carried out over the 
“volume”’ belonging to each molecule (i.e. over a small region in which there 
is an appreciable probability of finding the atoms forming the molecule). 
Then the integral must again be divided by N!. 


t This becomes particularly evident if we consider the classical partition function (integral 
over states) as the limit of the quantum partition function. In the latter the summation is 
over all the different quantum states, and there is no problem (remembering that, because 
of the principle of symmetry of wave functions in quantum mechanics, the quantum state 
is unaffected by interchanges of identical particles). 

From the purely classical viewpoint the need for this interpretation of the statistical 
integration arises because otherwise the statistical weight would no longer be multiplicative, 
and so the entropy and the other thermodynamic quantities would no longer be additive. 
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PROBLEMS 


PROBLEM 1. The potential energy of the interaction between the particles in a body is a 
homogeneous function of degree n in their co-ordinates. Using similarity arguments, deter- 
mine the form of the free energy of such a body in classical statistics. 

SOLUTION. In the partition function 


Z= f e-[k@)+ Uo? AP, 


we replace each q by dq and each p by A*/*p, where / is an arbitrary constant. If at the 
same time we replace T by A*7, the integrand is unchanged, but the limits of integration 
with respect to the co-ordinates are altered: the linear size of the region of integration is 
multiplied by 1/4, and so the volume is multiplied by 1/43. In order to restore the limits 
of integration, we must therefore at the same time replace V by AV. The result of these 
changes is to multiply the integral by A°*'+*/2) because of the change of variables in 
dI’(s = 3N co-ordinates and the same number of momenta, N being the number of particles 
in the body). Thus we conclude that the substitutions V + 13V, T + A*T give 


Z > J3nsn[2)Z, 
The most general form of function Z(V, T) having this property is 
Z= T32¥Gi2--Un) f( VT—3in), 
where f is an arbitrary function of one variable. 
Hence we find for the free energy an expression of the form 

F = —3(}+1/n)NT log T+NT$(VT-3"/N), (1) 
which involves only one unknown function of one variable; the number N is included in 
the second term in (1) so that F shall have the necessary property of additivity. 


PROBLEM 2. Derive the virial theorem for a macroscopic body for which the potential 
energy of interaction of the particles is a homogeneous function of degree n in their co- 
ordinates. 


SOLUTION. Following the derivation of the virial theorem in mechanicst, we calculate 
the time derivative of the sum Yirep, where r and p are the radius vectors and momenta of 
the particles in the body. Since r = 0K(p)/Op and K(p) is a homogeneous function of degree 
two in the momenta, we have 


= y rep = > i] ey rep = 2K(p)+ >" Yep. 


The particles in the body execute a motion in a finite region of space with velocities which 


do not become infinite.The quantity yep is therefore bounded and the mean value of its 
time derivative is zero, so that 


2K+) rep = 0, 


where K = K(p). The derivatives p are determined by the forces acting on the particles in 
the body. In summing over all particles we must take into account not only the forces of 
interaction between the particles but also the forces exerted on the surface of the body by 
surrounding bodies: 


ae aU 
>) rep = yir- xP redf = —nU—3PV; 


the surface integral is transformed to a volume integral and we use the fact that div r = 3. 
Thus we have 2K—nU~—3PV = 0 or, in terms of the total energy E = U+K, 


(4+2)K = nE+3PV. (2) 


t See Mechanics, §10. 
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This is the required theorem. It is valid in both classical and quantum theory. In the 
classical case, the mean kinetic energy K = 3NT/2, and (2) gives 


E+(3/n)PV = 3(4+1/n)NT. (3) 
This formula could also be derived from the expression (1) for the free energy (Problem 1). 
When the particles interact by Coulomb’s law (n = —1), we have from (2) 
K = —E+3PY¥. 


This is the limiting case of the relativistic relationt 
E-3PV = ¥\ me? (1—v*/c?), 
in which the energy E includes the rest energy of the particles in the body. 


§32. Thermodynamic perturbation theory 


In the actual calculation of thermodynamic quantities there occur cases 
where the energy E(p, q) of a body contains relatively small terms which may 
be neglected to a first approximation. These may be, for instance, the poten- 
tial energy of the particles of the body in an external field. The conditions 
under which such terms may be regarded as small are discussed below. 

In these cases a kind of “perturbation theory” may be constructed for the 
calculation of the thermodynamic quantities (R. E. PEIERLS 1932). We shall 
first show how this is to be done when the classical Gibbs distribution is 
applicable. 

We write the energy E(p, q) in the form 


E(p, 9) = E,(p, + Vp, 9): (32.1) 
where V represents the small terms. To calculate the free energy of the body, 
we put 

e-FiT = | e—lEo(p, a)+ Vip, OUT qf 
VY. ¥? 


=~ : —E,/T ein a ee ‘ 
= ['e ( 7 oP) ar; (32.2) 


in the expansion in powers of V we shall always omit terms above the second 
order, in order to calculate the corrections only to the first and second orders 
of approximation. Taking logarithms and again expanding in series, we have 
to the same accuracy 


F= Foyt ("-z7) elFo—Eolp, NUT gq" + 
1 , { Fo~ Eo(p, @)]/ : 
of: | Vel Fo-Eop, DIT AI" | 
aT | e o d ? 


where Fo denotes the “unperturbed” free energy, calculated for V = 0. 


t See The Classical Theory of Fields, §35. 
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The resulting integrals are the mean values of the corresponding quantities 
over the “unperturbed” Gibbs distribution. Denoting this averaging by a bar 


and noticing that V2— 72 = (V— VY), we have finally 
r= 1—_=— 
= ee ce —_ 2 
F = Fyt+ V-3.(V-V9. (32.3) 


Thus the first-order correction to the free energy is just the mean value of 
the energy perturbation V. The second-order correction is always negative, 
and is determined by the mean square of the deviation of V from its mean 
value. In particular, if the mean value V is zero, the perturbation reduces the 
free energy. 

A comparison of the terms of the second and first orders in (32.3) enables 
us to ascertain the condition for this perturbation method to be applicable. 
Here it must be remembered that both the mean value V and the mean square 


(V—V)? are roughly proportional to the number of particles; cf. the discus- 
sion in §2 concerning r.m.s. fluctuations of the thermodynamic quantities for 
macroscopic bodies. We can therefore formulate the desired condition by 
requiring that the perturbation energy per particle should be small in compa- 
rison with T (or with kT, if the temperature is measured in degrees).t 

Let us now carry out the corresponding calculations for the quantum case. 
Instead of (32.1) we must now use the analogous expression for the Hamilto- 
nian operator: 


H=A,+V. 


According to the quantum perturbation theory, the energy levels of the per- 
turbed system are given, correct to the second-order terms, by? 


| Vam ? 


E, = E,©+ Van) E,© — En? 


(32.4) 


where the E,, are the unperturbed energy levels (assumed non-degenerate); 
the prime to the sum signifies that the term with m = n must be omitted. 
This expression is to be substituted in the formula 


e-FIT = JV e-En/T 
2 


t In expanding the integrand in (32.2) we have, strictly speaking, expanded in terms of 
a quantity V/T, which is proportional to the number of particles and is therefore certainly 
not small, but the further expansion of the logarithm causes the large terms to cancel, and 
so a series in powers of a small quantity is obtained. 

t See Quantum Mechanics, §38. 
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and expanded in the same way as above. We thus easily obtain 


Vim Pw 
F= V. , | nm rn 
Fot) naWat 2, YEO EO Eo 


1 1 
ae i », Van Wat ap (> Vig Ways (32.5) 
n n 


where w,, = exp [(F o—E,,) /T] is the unperturbed Gibbs distribution. 
The diagonal matrix element V,,,, is just the mean value of the perturbation 
energy V in the given (mth) quantum state. The sum 


> VanWn 
n 


is therefore the value of V averaged both over the quantum state of the body 
and over the (“unperturbed”) statistical distribution with respect to the vari- 
ous quantum states. We denote this averaging by a bar and find that the cor- 
rection to the free energy in the first-order approximation is V, formally the 
same as the classical result above. 

Formula (32.5) may be rewritten as 

= — ’ |Fnm PWm= Wn) _ i —_V..\2 
F Fot+ Van $ py 2 E,,© — En oT (Van nn) : (32.6) 
All the second-order terms in this expression are negative, since w,,—w, has 
the same sign as E, —E,,©). Thus the correction to the free energy in the 
second-order approximation is negative in the quantum case also. 

As in the classical case, the condition for this method to be applicable is 
that the perturbation energy per particle should be small compared with T. 
On the other hand, the condition for the applicability of the ordinary quan- 
tum perturbation theory (leading to the expression (32.4) for E,) is, aS we 
know, that the matrix elements of the perturbation should be small compared 
with the separations of the corresponding energy levels; roughly speaking, 
the perturbation energy must be small compared with the separations of the 
energy levels between which allowed transitions can take place.! 

These two conditions are not the same, since the temperature is unrelated 
to the energy levels of the body. It may happen that the perturbation energy is 
small compared with 7, but is not small, or indeed is even large, compared 
with the significant separations between energy levels. In such cases the “per- 
turbation theory” for thermodynamic quantities, i.e. formula (32.6), will be 
applicable while the perturbation theory for the energy levels themselves, i.e. 
formula (32.4), is not; that is, the limits of convergence of the expansion rep- 
resented by formula (32.6) may be wider than those of (32.4), from which 
the former expansion has been derived. 


+ These are in general the transitions in which the states of only a smail number of 
particles in the body are changed. 
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The converse case is, of course, also possible (at sufficiently low tempera- 
tures). 

Formula (32.6) is considerably simplified if not only the perturbation 
energy but also the differences between energy levels are small in comparison 
with 7. Expanding the difference w,, — w,, in (32.6) in powers of (E,,° —E,,/T, 
we find in this case 


= 1 bois. Se 
F= FytVan-az > | Vam P+ Van Ae A 
2r 
The rule of matrix multiplication gives 


2 | Vm |? + Van® = > | Vam |? = p> Vam Vinn = = (Vv? Jans 


and we obtain an expression which is formally exactly the same as formula 
(32.3). Thus in this case the quantum formula is in formal agreement with the 
classical formula. 


§33. Expansion in powers of h 


Formula (31.5) is essentially the first and principal term in an expansion of 
the quantum formula (31.3) for the free energy in powers of # in the quasi- 
classical case. It is of considerable interest to derive the next non-vanishing 
term in this expansion (WIGNER, UHLENBECK and GROPPER 1932). 

The problem of calculating the free energy amounts to that of calculating 
the partition function. For this purpose we use the fact that the latter is the 
trace of the operator exp (—fA) (see (31.4)), with the notation B = 1/T in 
order to simplify the writing of the involved expressions which appear below. 
The trace of an operator may be calculated by means of any complete set of 
orthonormal wave functions. For these it is convenient to use the wave func- 
tions of free motion of a system of N non-interacting particles in a large but 
finite volume V. These functions are 


Yp = HN exp [(i/A) 2 Pidil, (33.1) 


where the q; are the Cartesian co-ordinates of the particles and the p, the © 
corresponding momenta, labelled by the suffix i, which takes the values 
1,2, ..., 5, where s = 3N is the number of degrees of freedom of the system 
of N particles. 

The subsequent calculations apply equally to systems containing identical 
particles (atoms) and to those where the particles are different. In order to 
allow in a general manner for a possible difference between the particles, we 
shall add to the particle mass a suffix indicating the degree of freedom: m,. 
Of course the three m,; corresponding to any one particle are always equal. 
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The existence of identical particles in a body means that, in the quantum 
theory, exchange effects must be taken into account. This means, first of all, 
that the wave functions (33.1) must be made symmetrical or antisymmetrical 
in the particle co-ordinates, depending on the statistics obeyed by the parti- 
cles. It is found, however, that this effect leads only to exponentially small 
terms in the free energy, and so is of no interest. Secondly, the identity of par- 
ticles in quantum mechanics affects the manner in which the summation over 
different values of the particle momenta must be carried out. We shall meet 
this later, for example in calculating statistical sums for an ideal quantum 
gas. The effect produces a term of the third order in # in the free energy (as 
shown later) and so again does not affect the terms of order f? which we shall 
calculate here. Thus the exchange effects can be ignored in the calculation. 

In each of the wave functions (33.1) the momenta p, have definite constant 
values. The possible values of each p,; form a dense discrete set (the distances 
between neighbouring values being inversely proportional to the linear dimen- 
sions of the volume occupied by the system’). The summation of the matrix 
elements exp (—BA) op with respect to all possible valucs of the momenta may 
therefore be replaced by integration with respect to p(dp = dp, dp, .. .dp,), 
bearing in mind that the number of quantum states “belonging” to the volume 
V dp of phase space (all values of the co-ordinates of each particle in the 
volume V and values of the momenta in dp) is 


VN dp/(2xh)*. 


We shall use the notation 


I= exp [—(/f) d pail exp (— BA) exp [G/A) ¥. vigil. (33.2) 


The required matrix elements are obtained by integrating with respect to all 
the co-ordinates: 


exp (—BA) pp = on | I dq. (33.3) 


The partition function is then obtained by integration with respect to the 
momenta. 

Altogether, therefore, we must integrate J over all phase space, or more 
precisely over those of its regions which correspond to physically different 
states of the body, as explained in §31. This is again denoted by a prime to 
the integral sign: 


Z = Y e-FEn = | Ida. (33.4) 


t See Quantum Mechanics, §22. 
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Let us first calculate J by means of the following procedure. We take the 
derivative 


5 = — exp [-(/h) ¥ pig {exp (1/4) ¥ pia}, 


and expand the right-hand side, using the explicit expression for the Hamilto- 
nian of the body: 


x D2 1 © 
=ya = —1A2) — 5 
ys yom dh Ds agit Us (33.5) 


where U = U(q1, q2,..-, 9,) is the potential energy of interaction between all 
particles in the body. By means of (33.5) we obtain after a straightforward 
calculation the following equation for J: 


ol OL 
OB Ee, D+ om, = (30 Pidg,t sat) 


where 


Bp, @) = DF +U (33.6) 


is the usual classical expression for the energy of the body. 
This equation is to be solved with the obvious condition that J = 1 when 
B = 0. The substitution 


[ = e-Bay (33.7) 
gives 
. 2 
a a ee (Fr *) - 
OBS 2m; h 04; 
by OU, Oy 
33.8 
~ 7B aq, Ogi 8 ms) oo 


with the boundary condition y = 1 for B = 0. 
In order to obtain an expansion in powers of fi, we solve equation (33.8) 
by successive approximations, putting 


4 = 1+hy, +f y2+..., (33.9) 


with y¥1 = 0, y2 = 0,... for B = 0. Substituting this expansion in equation 
(33.8) and separating terms in different powers of #, we obtain the equations 


p; 0U 


0% 
Bo hn Ogi’ 


3 _, ou 8 OU\2 
ae =D yp, | ~2iBPt Ge at Dips Se ze apo ap 
= 04: a Ogi 
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The first equation gives 71, and then the second equation gives y2. A simple 
calculation leads to the results 


» = Lippy Pi OY 
ki = a rs Ogi’ 
33.10) 
1 py oU\? 1 Pi Pr OU 
— —— fa -* ——} +— Bf af 28 
x2 gF (Zr aa e 2 nM My 84; 09% 
1 acl (8U ae l BU 
+5 Lin (ig) a? Lin Bae 
The required partition function (33.4) is 
_ | (1+ Fiza + yee PEW. @ AT (33.11) 


The term of the first order in # in this integral is easily seen to be zero, since 
the integrand yie~°#®” in that term is an odd function of the momenta 
(E(p, q) being quadratic in the momenta and 41, by (33.10), linear), and so 
the result on integrating with respect to momenta is zero. Thus we can write 
(33.11) as 


Z= (147) [ eA ar, 
where 72 is the value of y2 averaged over the classical Gibbs distribution: 


| y2e7 PEC, q) df 


12 = ay 
[ero dr’ 


Substituting this expression for the partition function in formula (31.3), we 
have for the free energy 


1] _ 
F= Fy,—~s log (1+A742), 


or, to the same accuracy, P 

F = F,,—h? 4/6. (33.12) 
Here F, denotes the expression for the free energy in classical statistics (for- 
mula (31.5)). 

Thus the next term after the classical expression in the expansion of the 
free energy is of the second order in w. This is not accidental: in equation 
(33.8), solved here by the method of successive approximations, the quantum 
constant appears only as if, and so the resulting expansion is one in powers 
of ih; but the free energy, being a real quantity, can contain only powers of 
ih which are real. Thus this expansion of the free energy (ignoring exchange 
effects) is an expansion in even powers of &. 
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It remains to calculate the mean value 72. We have seen in §29 that in clas- 
sical statistics the probability distributions for the co-ordinates and momenta 
are independent. The averaging over momenta and over co-ordinates can 
therefore be made separately. 

The mean value of the product of two different momenta is clearly zero: 
D,P;, = P,P; = 0. The mean value of the square p;? is m;/B. We can therefore 
write 

PiPr = (m;/B)Oix, 
where 6,, = 1 for i =k and 0 fori # k. Having averaged with respect to 
momenta by means of this formula, we obtain 


— ££ QU\? feu l BU 
~~), — =x: 33.13 
ke =A a m; ~ (57) - ee m, 0q7 oo) 
The two terms here may be combined, since the mean values are related by 
the formula 
oU (au\? 
33.14 
0g? es (5) ° oy 


This is easily seen by noticing that 


o2U oU oU\? 
e-8U dg, = ——e~FU+ ~—|\ e~PU dg;. 
0g; 09; P | (a) si 


The first term on the right-hand side gives only a surface effect in 0?U, /8q2, 
and since the body is macroscopic this effect may be neglected in comparison 
with the second term. 

Substituting the resulting expression for 72 in formula (33.12), and replac- 
ing B by 1/T, we find the following final expression for the free energy: 

2 2 
F= Paty a (5 (33.15) 
We see that the correction to the classical value is always positive, and is 
determined by the mean squares of the forces acting on the particles. This 
correction decreases with increasing particle mass and increasing tempera- 
ture. 

According to the above discussion, the next term in the expansion given here 
would be of the fourth order. This enables us to calculate quite independently 
the term of order # which occurs in the free energy because of the peculiar- 
ities of the summation over momenta resulting from the identity of particles 
in quantum mechanics. The term in question is formally the same as the cor- 
rection term which appears in a similar calculation for an ideal gas, and is 
given by formula (55.14): 
m/2 NK 


@) = ee Se 
FO = £55 pringah (33.16) 
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for a body consisting of N identical particles. The upper sign applies for Fermi 
statistics and the lower sign for Bose statistics; g is the total degree of degen- 
eracy with respect to the directions of the electron and nuclear angular 
momenta. 

From these formulae we can also obtain the correction terms in the proba- 
bility distribution functions for the co-ordinates and momenta of the atoms 
of the body. According to the general results in §5, the momentum probabil- 
ity distribution is given by the integral of J with respect to q (see (5.10)): 


dw, = constant Xdp | I dq. 


The term yie~'¥ in J contains a total derivative with respect to the co- 
ordinates, and the integral of it gives a surface effect which can be neglected. 
Thus we have 


dw, = constant X exp (~ By: Pi?/2mi) dp | (1+hy2)e-FU dq. 
i 
The third and fourth terms in the expression (33.10) for y2 give a small con- 
stant (not involving the momenta) on integration, and this can be neglected in 
the same approximation. Taking out also the factor | e~°U dq and including 
it in the constant coefficient, we have 


ty <comtansen 9 ma ee a 
t i 


: o2U 
pe PiPr |e 
6 ban, 04; O9n i 


The mean values which appear here are related by 


“#0 _ BU eu 
Oqi0q, "09; OGn’ 
similarly to (33.14). Hence 


dw, = CORSaE SAR (= BY pel2m)| 1+ ee “yy PiPe PiPp OU su 
i 


Emm, 0g; Og 
(33.17) 


This expression can be conveniently rewritten in the following final form: 


PiPr oU ou eu) 
2m, - 5478) mm Oa oa 


the bracket in (33.17) being replaced by an exponential function to the same 
degree of accuracy. 

Thus we see that the correction to the classical distribution function for 
the momenta is equivalent to adding to the kinetic energy in the exponent an 


dw, = constant Xexp \- apes 
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expression quadratic in the momenta, with coefficients depending on the law 
of interaction between the particles in the body. 

If it is desired to find the probability distribution for any one momentum 
P; then (33.17) must be integrated with respect to all the other momenta. All 
the terms involving the squares p,” (k ~ i) will then give constants negligible 
compared with unity, while the terms containing products of different 
momenta give zero. The result is, again in exponential form, 


2 2 OU\2 
dwWp, = constant exp | ~ Pep | 1a (55) i dp;. (33.19) 


Thus the distribution obtained differs from the Maxwellian only in that the 
true temperature T is replaced by a somewhat higher “effective temperature”’: 


dw,, = constant Xexp {—p;?/2m;T tr} dpi, 
he oU\?2 
Ten = Toate, (Sq) 


Similarly we can calculate the corrected co-ordinate distribution function 
by integrating J with respect to the momenta: 


where 


dw, = constant X dq | I dp. 
The same calculations as led to an im “ 


282 2 
dw, = constantXe-PU [145 oa Lim = (5a,) ~ np 1 8 sai | dq, 


04g; “12> mi; 0q;” 


or, in exponential form, 


divg = constantXexp | | U- warm, = (5a) ion Lim oq? || “4 


(33.20) 


§34. The Gibbs distribution for rotating bodies 


The problem of the thermodynamic relations for rotating bodies has already 
been considered in §26. Let us now see how the Gibbs distribution is to be 
formulated for rotating bodies. This will complete the investigation of their 
statistical properties. As regards the uniform translational motion, GALILEO’s 
relativity principle shows that, as already mentioned in §26, this motion has 
only a trivial effect on the statistical properties and so needs no special consid- 
eration. 

In a system of co-ordinates rotating with the body, the usual Gibbs distri- 
bution is valid; in classical statistics, 


0 = (20h)~selF’- Ep, MIT, (34.1) 
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where E’(p, q) is the energy of the body in this system, as a function of the 
co-ordinates and momenta of its particles, and F’ the free energy in the same 
system (which, of course, is not the same as the free energy of the body when 
at rest). The energy E’(p, q) is related to the energy E(p, q) in a fixed system by 


E"(p, q) = E(p, q)-2-M(p, 9), (34.2) 


where 9 is the angular velocity of rotation and M(p, q) the angular momentum 
of the body (see §26). Substituting (34.2) in (34.1), we find the Gibbs distri- 
bution for a rotating body in the form 

0 = (2nh)~Ssel F’- Ep, 9+ 2-M(p, MYT, (34.3) 


In classical statistics the Gibbs distribution for a rotating body can also 
be represented in another form. To obtain this, we use the following express- 
ion for the energy of the body in the rotating co-ordinate system: 


E’ = Y 4mv?—-4 m(Qxr)P?+ U, (34.4) 


where the v’ are the velocities of the particles relative to the rotating system, 
and the r their radius vectors.? Denoting by 


Ev’, r) = }¢mv2+U (34.5) 


the part of the energy which is independent of 22, we obtain the Gibbs distri- 
bution in the form 


@ = Qnh)-*exp 17 IF Bow, +4 maxe. 


The function @ determines the probability corresponding to the element 
of phase space dx; dy, dz... dp’, dp’,,dp’,, ..., where p’ = mv’ +mQxr.t 
Since, in obtaining the differentials of the momenta, we must regard the co- 
ordinates as constant, dp’ = m dv’, and the probability distribution expressed 
in terms of the co-ordinates and velocities of the particle is 


dw = Cexp 7-7 [Eo(v’, r)—) rm(axnI} x 


Xdxi dy1dz1... do'y_ dv’, do’, ---, (34.6) 


where C denotes for brevity the factor (27h)~* together with the product of 
the particle masses which appears when we go from the momentum differen- 
tials to the velocity differentials. 

For a body at rest we have 


dw = CelF-Eov, wT dx dy, dz1... dv4x doy, dv,,..., (34.7) 


t The distribution (34.3), like the ordinary Gibbs distribution, is fully in agreement with 
the result (4.2) derived in §4 from LiouvILLE’s theorem: the logarithm of the distribution 
function is a linear function of the energy and angular momentum of the body. 


t See Mechanics, §39. 
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with the same expression (34.5) for Eo(v, r), now a function of the velocities in 
the fixed co-ordinate system. Thus we see that the Gibbs distribution for the 
co-ordinates and velocities for a rotating body differs from that for a body at 
rest only by the additional potential energy — 4° m(@ Xr). In other words, as 
regards the statistical properties of the body, the rotation is equivalent to the 
existence of an external field corresponding to the centrifugal force. The sta- 
tistical properties are not affected by the Coriolis force. 

It should be emphasised, however, that this last result applies only to clas- 
sical statistics. In the quantum case the expression 


w® = exp [((F’—H+2-M)/T] (34.8) 


gives the statistical operator corresponding to (34.3) for a rotating body. 
Formally we can reduce this operator toa form analogous to (34.6), the veloc- 
ities v’ being replaced by the operators¥’ = p’/m—2 xr, but the components 
of this vector operator do not commute, unlike those of the operator ¥ in the 
fixed system. The statistical operators corresponding to the expressions 
(34.6) and (34.7) will therefore in general be markedly different from each 
other, quite apart from the fact that one of them contains the centrifugal 
energy. 


§35. The Gibbs distribution for a variable number of particles 


So far we have always tacitly assumed that the number of particles in a body 
is some given constant, and have deliberately passed over the fact that in 
reality particles may be exchanged between different subsystems. In other 
words, the number N of particles in a subsystem will necessarily fluctuate 
about its mean value. In order to formulate precisely what we mean by the 
number of particles, we shall use the term subsystem to refer to a part of the sys- 
tem which is enclosed in a fixed volume. Then N will denote the number of 
particles within that volume.' 

Thus the problem arises of generalising the Gibbs distribution to bodies 
with a variable number of particles. Here we shall write the formulae for 
~ bodies consisting of identical particles; the further generalisation to sys- 
tems containing different particles is obvious (§86). 

The distribution function now depends not only on the energy of the quan- 
tum state but also on the number N of particles in the body, and the energy 
levels E,,y are of course themselves different for different N (as indicated by 
the suffix N). The probability that the body contains N particles and is in the 
nth state will be denoted by w,, y. 


tin deriving the Gibbs distribution in §28 we have in essence already understood sub- 
systems in this sense; in going from (28.2) to (28.3) we differentiated the entropy whilst 
regarding the volume of the body (and therefore of the medium) as constant. 
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The form of this function can be determined in exactly the same way as the 
function w,, in §28. The only difference is that the entropy of the medium is 
now a function not only of its energy E’ but also of the number N’ of particles 
in it: S’ = S’(E’, N’). Writing E’ = E©—E, , and N’ = N—N (where N is 
the number of particles in the body, and N® the given total number of par- 
ticles in the entire closed system, which is large compared with N), we have in 
accordance with (28.2) 

Wnw = constant Xexp {S’(E©—E,n, N©—N)}; 


the quantity ME’ is regarded as constant, as in §28. 

Next, we expand S’ in powers of E,,, and N, again taking only the linear 
terms. Equation (24.5), in the form 

nV GE> ot ue 
ds = po tpdV TAN, 
shows that (0S/OE)y, vy =1/T, (0S/ON)z, v = —u/T. Hence 
S(E© —E,ny, N®—N) = S(E, Noo — San — 

the chemical potential uw (and the temperature) being the same for the body 
and the medium, from the conditions of equilibrium. 

Thus we obtain for the distribution function the expression 


Wan = AeuN-Enw)/T, (35.1) 


The normalisation constant A can be expressed in terms of the thermody- 
namic quantities in the same way as in §31. The entropy of the body is 


——__—_ NOE 
S = —log Way = — log AE 42, 


and so 

T log A = E~—TS— uN. 
But E—TS = F, and the difference F—wN is the thermodynamic potential Q. 
Thus Tlog A = 9, and (35.1) may be rewritten as 


Wan = O+HN—Enn)T, (35.2) 


This is the final formula for the Gibbs distribution for a variable number of 
particles. 

The normalisation condition for the distribution (35.2) requires that the 
result of summing the w, y first over all quantum states (for a given N) and 
then over all values of N should be equal to unity: 


YY wan = eF/TY (CANTY e-Enw!T) = 1, 
Nn N n 
Hence we obtain the following expression for the thermodynamic potential Q: 
Q = —T log > [e#/TY e-Env/T], (35.3) 
N n 
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This formula together with (31.3) can be used to alculate the thermodynamic 
quantities for specific bodies. Formula (31.3) gives the free energy of the body 
as a function of T, N and V, and (35.3) gives the potential 2 as a function of 
T, wand V. 

In classical statistics the probability distribution has the form 


dwy = On dp\™) dg), 
where 
on = (Qah)—sel@+uN—Epy(p, QT. (35.4) 


The variable N is written as a subscript to the distribution function, and the 
same letter is written as a superscript to the element of phase volume in order 
to emphasise that a different phase space (of 2s dimensions) corresponds to 
each value of N. The formula for 2 correspondingly becomes 


Q = —Tlog {¥ eNiT e- ExT dy}, (35.5) 
N 


Finally, we may say a few words concerning the relation between the Gibbs. 
distribution (35.2) for a variable number of particles derived here and the 
previous distribution (31.1). First of all, it is clear that, for the determination 
of all the statistical properties of the body except the fluctuations of the total 
number of particles in it, these two distributions are entirely equivalent. On 
neglecting the fluctuations of the number N, we obtain Q+puN = F, and the 
distribution (35.2) is identical with (31.1). 

The relation between the distributions (31.1) and (35.2) is to a certain extent 
analogous to that between the microcanonical and canonical distributions. 
The description of a system by means of the microcanonical distribution is 
equivalent to neglecting the fluctuations of its total energy; the canonical 
distribution in its usual form (31.1) takes into account these fluctuations. The 
latter form in turn neglects the fluctuations in the number of particles, and 
may be said to be “microcanonical with respect to the number of particles”’; 
the distribution (35.2) is “canonical” with respect to both the energy and 
the number of particles. 

Thus all three distributions, the microcanonical and the two forms of the 
Gibbs distribution, are in principle suitable for determining the thermo- 
dynamic properties of the body. The only difference from this point of view 
lies in the degree of mathematical convenience. In practice the microcanonical 
distribution is the least convenient and is never used for this purpose. The 
Gibbs distribution for a variable number of particles is usually the most con- 
venient. 
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§36. The derivation of the thermodynamic relations from the Gibbs distribution 


The Gibbs distribution plays a fundamental part throughout statistical phys- 
ics. We shall therefore give here another justification of it. This distribution 
has essentially been derived in §4 and 6 directly from LIoOUVILLE’s theorem. 
We have seen that the application of LIOUVILLE’s theorem (together with 
considerations of the multiplicativity of distribution functions for subsystems) 
enables us to deduce that the logarithm of the distribution function of a sub- 
system must be a linear function of its energy: 


log Ww, = «+ PE), (36.1) 
the coefficients 8 being the same for all subsystems in a given closed system 
(see (6.4), and the corresponding relation (4.5) for the classical case). Hence 


Wry = ettbEn; 


using the purely formal notation B = —1/T, a = F/T, we have an expression 
of the same form as the Gibbs distribution (31.1). It remains to show that the 
fundamental thermodynamic relations can be derived from the Gibbs distri- 
bution itself, i.e. in a purely statistical manner. 

We have already seen that the quantity 8, and therefore 7, must be the same 
for all parts of a system in equilibrium. It is also evident that B < 0, i.e. 
T > 0, since otherwise the normalisation sum Dn must diverge: owing to 
the presence of the kinetic energy of the particles, the energy E,, can take 
arbitrarily large values. All these properties agree with the fundamental prop- 
erties of the thermodynamic temperature. 

To derive a quantitative relation, we start from the normalisation condition 


YeF-EwWT = 1, 
n 


We differentiate this equation, regarding the left-hand side as a function of T 
and of various quantities 11, 42, ... which represent the external conditions 
to which the body considered is subject; these quantities may, for example, 
determine the shape and size of the volume occupied by the body. The energy 
levels E,, depend on Ai, Ae, ... as parameters. 

Differentiation gives 


ys ort aq— => Pn ar| = 0, 
n 


where for simplicity only one external parameter is used. Hence 
dF >i w, = GAY wen ee (F— > w,E,). 
a = oA OT “7 


On the left-hand side }'w,, = 1, and on the right-hand side 


- OE, En 
DE Ee og ioe = aa 
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Using also the formulae F—E = —TS andt 


OE,,/0A = 04/84, (36.2) 
we have finally 


dF = —SdT+0H/01-da. 


This is the general form for the differential of the free energy. 

In the same way we can derive the Gibbs distribution for a variable number 
of particles. If the number of particles is regarded as a dynamical variable, it 
is clear that it will be an “integral of the motion’’, and additive, for a closed 
system. We must therefore write 


log Wny = «+BE,+yN, (36.3) 
where y, like B, must be the same for all parts of a system in equilibrium. 
Putting « = 2/T, B = —1/T, y = p/T, we obtain a distribution of the form 


(35.2), and then by the same method as above we can deduce an expression for 
the differential of the potential Q. 


tIf the Hamiltonian H (and therefore its eigenvalues E,) depends on a parameter A, then 
OE, /04 = (OH]OA)an; 
sée Quantum Mechanics, §11, Problem. On statistical averaging this gives (36.2). 


CHAPTER IV 


IDEAL GASES 


§37. The Boltzmann distribution 


ONE of the most important subjects of study in statistical physics is an 
ideal gas. By this is meant a gas in which the interaction between the par- 
ticles (molecules) is so weak as to be negligible. Physically, this approxima- 
tion may be allowable either because the interaction of the particles is small 
whatever the distances between them or because the gas is sufficiently rare- 
fied. In the latter case, which is the more important, the rarefaction of the gas 
results in its molecules’ being almost always at considerable distances apart, 
such that the interaction forces are quite small. 

The absence of interaction between the molecules enables the quantum- 
mechanics problem of determining the energy levels E,, of the gas as a whole 
to be reduced to that of determining the energy levels of a single molecule. 
These levels will be denoted by e,, the suffix k representing the set of quantum 
numbers which define the state of the molecule. The energies E,, are then given 
by the sums of the energies of the various molecules. 

It must be remembered, however, that, even when there is no direct force 
interaction, quantum mechanics gives a peculiar mutual effect of particles 
resulting from their identity (called the exchange effect). For example, if the 
particles “obey Fermi statistics’’, this effect has the result that no more than 
one particle can be in each quantum state at one time’; a similar effect but 
in a different form occurs for particles which “obey Bose statistics’. 

Let n, be the number of particles in a gas which are in the kth quantum 
state; the numbers n, are sometimes called the occupation numbers of the 
various quantum states. Let us consider the problem of calculating the mean 
values n, of these numbers, and take in particular the extremely important 


case where for all k 
m <1. (37.1) 


Physically this case corresponds to a sufficiently rarefied gas. We shall later 


t It should be emphasised that, when speaking of the quantum state of an individual 
particle, we shall always refer to states which are fully determined by a set of values of all 
the quantum numbers (including the orientation of the angular momentum of the particle, 
if any). These should not be confused with the quantum energy levels; several different 
quantum states correspond to a given energy level if the latter is degenerate. - 
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establish a criterion which ensures the fulfilment of this condition, but it may 
be mentioned immediately that it is in practice satisfied for all ordinary molec- 
ular or atomic gases. The condition would be violated only at such high 
densities that the matter concerned certainly could not be regarded as an 
ideal gas. 

The condition n, «<1 for the mean occupation numbers signifies that in 
fact not more than one particle is in each quantum state at any instant. Con- 
sequently, we may neglect not only the direct forces of interaction of the par- 
ticles but also their indirect quantum interactions mentioned above. This in 
turn enables us to apply the Gibbs distribution formula to the individual 
molecules. For the Gibbs distribution has been derived for bodies which are 
relatively small, but at the same time macroscopic, parts of large closed sys- 
tems. The macroscopic nature of these bodies made it possible to regard them 
as quasi-closed, i.e. to neglect to some extent their interaction with other parts 
of the system. In the case under consideration the separate molecules of the 
gas are quasi-closed, although they are certainly not macroscopic bodies. 

Applying the Gibbs distribution formula to the gas molecules, we can say 
that the probability that a molecule is in the kth state is proportional to e~*!T, 
and therefore so is the mean number n, of molecules in that state, i.e. 


ny, = ae-% IT, (37.2) 
where a is a constant given by the normalisation condition 
> mm = N (37.3) 
R 


(N being the total number of particles in the gas). The distribution of mole- 
cules of an ideal gas among the various states that is given by formula (37.2) 
is called the Boltzmann distribution; it was discovered by BOLTZMANN for clas- 
sical statistics in 1877. 

The constant coefficient in (37.2) can be expressed in terms of the thermo- 
dynamic quantities for the gas. To do this we shall give another derivation of 
the formula, based on the application of the Gibbs distribution to the assembly 
of all particles in the gas that are in a given quantum state. We are able to do 
this (even if the numbers 7, are not small) since there is no direct force of inter- 
action between these particles and the remainder (or between any of the par- 
ticles in an ideal gas), and the quantum exchange effects occur only for par- 
ticles in the same state. Putting E = n,¢,, N = n, and adding the suffix k to Q 
in the general formula for the Gibbs distribution for a variable number of 
particles (35.2), we find the probability distribution for various values of Ny, as 


Wr, = el2n +n (4—ex)1/T, (37.4) 


In particular, wo = e+’ is the probability that there are no particles in 
the state concerned. In the case of interest here, for which n, <1, the 
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probability wo is almost unity, and so in the expression w ; = e@#t#—%/T foy 
the probability of finding one particle in the kth state we can put e®/T = ] 
to within terms of a higher order of smallness. Then w,; = e“-*/T, The 
probabilities of values m, > 1 must be taken as zero in the same approxima- 
tion. Hence 
ny = » Wr Tr = wi-l, 
ne 


and we have the Boltzmann distribution in the form 
ny, = el#—ex)/T, (37.5) 


Thus the coefficient in (37.2) is expressed in terms of the chemical potential 
of the gas. 


§38. The Boltzmann distribution in classical statistics 


If the motion of gas molecules (and of the atoms in them) were subject to 
classical mechanics, we could use, instead of the distribution over quantum 
states, the distribution of molecules in phase space, i.e. over momenta and 
co-ordinates. Let dN be the mean number of molecules “contained”’ in a vol- 
ume element of phase space of the molecule, dp dg = dpi...dp,dq1...dq, 
(r being the number of degrees of freedom of the molecule). We may write 
this as 

dN = n(p, q) dt, dt = dp dq/(2xhy (38.1) 
and call n(p, qg) the “density in phase space’’ (although drt differs by a factor 
(2xh)~" from the volume element in phase space). We then have, instead of 


(37.5), 
n(p, q) = elv—e(p, QT. (38.2) 


where é(p, g) is the energy of the molecule as a function of the co-ordinates 
and momenta of its atoms. 

Usually, however, it is not the entire motion of the molecule which is 
quasi-classical, but only the motion corresponding to some of its degrees of 
freedom. In particular, in a gas which is not in an external field, the transla- 
tional motion of molecules is always quasi-classical. The kinetic energy of the 
translational motion then appears in the energy ¢, of the molecule as an inde- 
pendent term, while the remaining part of the energy does not involve the 
co-ordinates x, y, z and momenta p,, p,, P, of the centre of mass of the mole- 
cule. This enables us to separate from the general formula for the Boltzmann 
distribution a factor which gives the distribution of the gas molecules with 
respect to these variables. The distribution of the molecules in the volume 
occupied by the gas is clearly just a uniform distribution, and we obtain for 
the number of molecules per unit volume with momenta (of the translational 


§38 The Boltzmann Distribution in Classical Statistics 109 
motion) in given intervals dp,, dp,, dp, the Maxwellian distribution: 
N 
dN, — V(QamT)32 exp (—(p.2+py?+p,*)/2mT] dp,. dp, dp,, (38.3) 


dN, = x ae exp [—m(v,2+ v,?+0,2)/2T] dv, dv, dv, (38.4) 
(m being the mass of a molecule), normalised to N/V particles per unit 
volume. 

Let us next consider a gas in an external field, in which the potential energy 
of a molecule depends only on the co-ordinates of its centre of mass: u = 
u(x, y, z) (for example, a gravitational field). If, as always occurs in prac- 
tice, the translational motion in this field is quasi-classical, then u(x, y, Z) 
appears in the energy of the molecule as an independent term. The Maxwellian 
distribution for the velocities of the molecules remains unchanged, of course, 
while the distribution for the centre of mass is given by the formula 


dN, = noe“ DIT AV. (38.5) 


This formula gives the number of molecules in an element of volume dV = 
dx dy dz; the quantity 
n(r) = noe 4% 9, 2/T (38.6) 


is the number density of the particles. The constant mo is the density at points 
where u = 0. Formula (38.6) is called Boltzmann’s formula. 

In particular, in a uniform gravitational field along the z-axis, u = mgz, 
and the gas density distribution is given by the barometric formula 


n(z) = noe~™92/T, (38.7) 


where no is the density at the level z = 0. 

At large distances from the Earth, its gravitational field must be described 
by the exact Newtonian expression, the potential energy u vanishing at in- 
finity. According to formula (38.6) the gas density should remain finite and 
not zero at infinity, but a finite quantity of gas cannot be distributed in an 
infinite volume with a density which is nowhere zero. This means that in a 
gravitational field a gas (such as the atmosphere) cannot be in equilibrium 
and must be continuvusly dissipated into space. 


PROBLEMS 


PROBLEM 1. Find the density of gas in a cylinder of radius R and length / rotating about 
its axis with angular velocity Q, there being a total of N molecules in the cylinder. 


SOLUTION. It has been mentioned in §34 that the rotation of a body as a whole is equi- 
valent to the presence of an external field with potential energy —4mQ?r? (where r is the 
distance from the axis of rotation). The gas density is therefore 


n(r) oe Aetrl2 r 
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Normalisation gives 
; Nm@? enierrt/2r 


RS 
nT e?7 127 _ 1) 


PROBLEM 2. Find the momentum distribution of particles for a relativistic ideal gas. 


SOLUTION. The energy of a relativistic particle is given in terms of its momentum by 
e = cv/(m?c* + p*), where c is the velocity of light. The normalised momentum distribution is 


an. = ™ exp {—¢ y/(mc? + p*)/T} dp, dp, dp, 
DV &XT]me*)?K, (mc? |T) + (T]/me)K,(me?/T) __ 4a(me)8 


where Ky and K, are Macdonald functions (Hankel functions of imaginary argument). 
In the calculation of the normalisation integral the following formulae are used: 


i en? cosh! sinh? ¢ d¢ = K,(z)/z. 
0 


Ki(z) = — K,(2)/z— Ko(z). 


§39. Molecular collisions 


The molecules of a gas enclosed in a vessel collide with its walls as they 
move. Let us calculate the mean number of impacts between the molecules 
of a gas and a unit area of the wall per unit time. 

We take an element of surface area of the vessel wall and define a co- 
ordinate system with the z-axis perpendicular to this element, which may then 
be written as dx dy. Of the molecules in the gas, those which reach the vessel 
wall in unit time, i.e. collide with it, are just those whose z co-ordinate does 
not exceed the component v, of their velocity along that axis (which, of course, 
must also be directed towards the wall, not away from it). 

The number dy, of collisions of molecules per unit time (and per unit area 
of the wall surface), in which the velocity components are in given intervals 
dv,, dv,, du, is therefore obtained by multiplying the distribution (38.4) by the 
volume of a cylinder of unit base area and height v,: 

Nj[m 
(ser 
From this we easily find the total number » of impacts of gas molecules on 
unit area of the vessel wall per unit time. To do so, we integrate (39.1) over 
all velocities v, from 0 to oo and over v, and v, from — o to oo; integration 
over v, from — ~ to 0 is not required, since when v, < 0 the molecule is 
travelling away from the wall, and so does not collide with it. Hence 


_N 
vie eamFy = 7 (39.2) 


here we have expressed the density of the gas in terms of its pressure by means 
of CLAPEYRON’S equation. 


3/2 
dy = exp [—m(v,2+0,2+0,2)/2T] Xv, dv, dv, dv, (39.1) 
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Formula (39.1) may be written in spherical polar co-ordinates in “veloc- 
ity space”, using instead of v,, v,, v, the absolute magnitude of the velocity 
and the polar angles 0 and ¢ which define its direction. Taking the polar axis 
along the z-axis, we have v, = vcos 0 and 


N m 3/2 . 
dy =F, (a7) e-mvl2Ty8 sin 6 cos 6 dd do dv. (39.3) 


Let us now consider collisions between gas molecules. To do this, we must 
first find the velocity distribution of the molecules (the term velocity every- 
where referring to the velocity of the centre of mass) relative to one another. 
We take any one gas molecule and consider the motion of all the other mole- 
cules relative to it, i.e. consider for each molecule not its absolute velocity v 
(relative to the walls of the vessel) but its velocity v' relative to some other 
molecule. That is, instead of dealing with individual molecules, we always 
consider the relative motion of a pair of molecules, ignoring the motion of 
their common centre of mass. 

We know from mechanics that the energy of the relative motion of two 
particles of masses m, and me is 4m'v’*, where m’ = myme/(m1+ mp) is their 
“reduced mass’ and v’ their relative velocity. The relative-velocity distribu- 
tion of the molecules of an ideal gas therefore has the same form as the 
absolute-velocity distribution, except that m is replaced by the reduced mass 
m’. Since all the molecules are alike, m' = 4m, and the number of molecules 
per unit volume with a velocity relative to the selected molecule between v’ 
and v’+dv’ is 
Nu 
V2 


dN. ce ATy’2 d 
(= —mv!’? y f 
: (77) e v2 dv’. (39.4) 


A collision between molecules may be accompanied by various processes: 
deflection (scattering) through a certain angle, dissociation into atoms, and 
so on. The processes which occur in collisions are usually described by their 
cross-sections. The cross-section for a particular process which occurs in col- 
lisions between a given particle and others is the ratio of the probability of 
such a collision per unit time to the particle flux density (the latter being the 
number of such particles per unit volume multiplied by their velocity). The 
number of collisions (per unit time) between this and other particles which 
are accompanied by a certain process with cross-section o is therefore 


oo 


so Na (lm a2 —mv’'2/4T ¢795'3 , 
v= as (Fr) fe mv"/4Tgy'3 dv’, (39.5) 
0 


The total number of such collisions per unit time throughout the volume of 
the gas is obviously »’N/2. 


112 Ideal Gases §40 


PROBLEMS 


PRoBLEM 1. Find the number of impacts of gas molecules on unit area of the wall per 
unit time for which the angle between the direction of the velocity of the molecule and the 
normal to the surface lies between 6 and 6+ dé. 

SOLUTION. 

N 1/2 
dvg = — (=) sin 0 cos 0 dé. 
V \mn 

PROBLEM 2. Find the number of impacts of gas molecules on unit area of the wall per 

unit time for which the absolute magnitude of the velocity lies between wv and w+ dw. 


SOLUTION. 
N 


3/2 
v7 (<7) e273 dy, 


PROBLEM 3. Find the total kinetic energy E,,, of the gas molecules striking unit area of 
the wall per unit time. 
N 27° _ 
Bie = vale 


SOLUTION. 

PROBLEM 4. Find the number of collisions between one molecule and the rest per unit 
time, assuming the molecules to be rigid spheres of radius r. 

SoLuTIon. The cross-section for collisions between molecules is then o = x(2r)? = 
4nr? (since a collision occurs whenever two molecules pass at a distance less than 2r). 
Substitution in (39.5) gives 


y = 16r? a7 N = 16,2 Jar. 


dy, = 


mT 


§40. Ideal gases not in equilibrium 


The Boltzmann distribution can also be derived, in a quite different man- 
ner, directly from the condition of maximum entropy of the gas as a whole, 
regarded as a closed system. This derivation is of considerable interest in 
itself, since it is based on a method whereby the entropy of gas in any non- 
equilibrium macroscopic state may be calculated. 

Any macroscopic state of an ideal gas may be described as follows. Let us 
distribute all the quantum states of an individual particle of the gas among 
groups each containing neighbouring states (which, in particular, have neigh- 
bouring energy values), both the number of states in each group and the num- 
ber of particles in these states being still very large. Let the groups of states be 
numbered j = 1, 2, ..., and let G; be the number of states in group j, and 
N; the number of particles in these states. Then the set of numbers N, will 
completely describe the macroscopic state of the gas. 

The problem of calculating the entropy of the gas reduces to that of deter- 
mining the statistical weight JJ" of a given macroscopic state, i.e. the number 
of microscopic ways in which this state can be realised. Regarding each group 
of N; particles as an independent system and denoting its statistical weight 
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by Ar, we can write 
Ar = Ar. (40.1) 
J 


Thus the problem reduces to that of calculating the Ar’. 

In Boltzmann statistics the mean occupation numbers of all quantum states 
are small in comparison with unity. This means that the numbers of particles 
N; must be small compared with the numbers of states G; (N;< G;), but of 
course themselves still large. As has been explained in §37, the smallness of 
the mean occupation numbers enables us to suppose that all the particles are 
entirely independently distributed among the various States. Placing each of 
the N; particles in one of the G; states, we obtain altogether GN possible 
distributions, but among these the distributions which differ only by a per- 
mutation of particles are identical, since the particles themselves are identical. 
The number of permutations of N; particles is N;!, and so the statistical 
weight of the distribution of N; particles among G; states is 


4D; = G;N3/N;!. (40.2) 


The entropy of the gas is calculated as the logarithm of the statistical 
weight: 
S = log Ar = ¥ log AM;. 
Substitution of (40.2) gives 
S = ¥ (N; log G;— log N;!). 
} 


Since the numbers N, are large, we can use the approximate formula’ log N= 
N; log (N;/e), obtaining 
S = ¥N; log (eG;/Nj). (40.3) 
j 


This formula gives the solution of the problem, determining the entropy of 
an ideal gas in any macroscopic state defined by the set of numbers N,. It may 
be rewritten by using the mean numbers n, of particles in each of the quantum 
states in group /: 

ny = N;/G;. (40.4) 
Then 
S = Y, Gin; log (e/n)). (40.5) 
7 


If the motion of the particles is quasi-classical, then in this formula we can 
change to the particle distribution in phase space. Let the phase space of 
a particle be divided into regions 4p’ 4g”, each of which is small but 


t When N is large, the sum log N! = log 1+log 2+ ...+log N may be approximately 
replaced by the integral 
N 


J log x-dx = N log (N/e). 
0 
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nevertheless contains a large number of particles. The numbers of quantum 
states “belonging”’ to these regions are 

G; = Ap) Ag) /Qnhy = Ar), (40.6) 
where r is the number of degrees of freedom of the particle; the numbers of 
particles in these states may be written as N; = n(p, q) Mt, where n(p, q) is 
the particle density distribution in phase space. We substitute these express- 
ions in (40.5), and use the fact that the regions At“ are small in size and 
large in number to replace the summation over j by integration over the whole 
phase space of the particle: 


S= | n log (e/n) dt. (40.7) 


In a state of equilibrium, the entropy must be a maximum (as applied to 
the ideal gas, this statement is sometimes called Boltzmann’s H theorem). We 
shall show how this condition may be used to find the distribution function 
for the gas particles in a state of statistical equilibrium. The problem is to 
find n; such that the sum (40.5) has the maximum value possible under the 
subsidiary conditions 

2 a = N, 
» é;N; = 2 £;Gjn; = E, 
which express the constancy of the total number of particles N and of the 
total energy E of the gas. Following the usual method of LAGRANGE’s undeter- 
mined multipliers, we have to equate to zero the derivatives 


O(S+aN+ BE)/on,; = 0, (40.8) 
where « and are constants. Effecting the differentiation, we find 
G,(— log nj+a+fe;) = 0, 
whence logn; = «+fe,, or 
nj = extbe;, 


This is just the Boltzmann distribution, the constants « and f being given in 
terms of Tand uw bya = u/T, B = --1/T.t 


§41. The free energy of an ideal Boltzmann gas 
We may use the general formula (31.3) 
F = —Tlog ¥\ e~Ew/T (41.1) 
nr 


to calculate the free energy of an ideal gas which obeys Boltzmann statistics. 


t These values of « and B could have been foreseen: equations (40.8) can be written as a 
relation between differentials, dS-+-«dN-+ dE = 0, which must be the same as the differen- 
tial of the internal energy at constant volume, dE = TdS+ uAN. 
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Writing the energy E,, as a sum of energies €,, we can reduce the summation 
over all states of a gas to summation over all states of an individual molecule. 
Each state of the gas is defined by a set of N values of ¢, (where N is the num- 
ber of molecules in the gas), which in the Boltzmann case may be regarded 
as all different (there being not more than one molecule in each molecular 
state). Writing e~2*/7 as a product of factors e~*/? for each molecule and 
summing independently over all states of each molecule, we should obtain 


(o erHlTYN, (41.2) 
R 


The set of possible values of ¢, is the same for each molecule of the gas, and 
so the sums ), e~**! are also the same. 

The following point must be borne in mind, however. Each set of N differ- 
ent values ¢, which differs only in the distribution of the identical gas mole- 
cules over the levels ¢, corresponds to the same quantum state of the gas. 
But in the statistical sum in formula (41.1) each state must be included only 
once.t We must therefore again divide the expression (41.2) by the number of 
possible permutations of N molecules, i.e. by N 1t, Thus 


1 
Ye Bl? me (Emly, (41.3) 


Substitution of this expression in (41.1) gives 


F =— TN log Y, e~%/T+T log N}. 
R 


Since N is very large, we can use the formula 
log N! = Nlog (N/e); 
see the first footnote to §40. This gives the formula 
F = —NT log [(e/N) 2 e~%/T], (41.4) 


which enables us to calculate the free energy of any gas consisting of identical 
particles obeying Boltzmann statistics. 
In classical statistics, formula (41.4) must be written in the form 


F = —NT log (em [ew a/T dz}; (41.5) 


the integration is taken over the phase space of the molecule, and dt is defined 
by (38.1). 
t See the second footnote to §31. 


+ Here it is important that in Boltzmann statistics the terms containing the same «, in 
(41.2) are of negligible significance. 
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§42. The equation of state of an ideal gas 


It has already been mentioned in §38 that the translational motion of the 
molecules in a gas is always quasi-classical; the energy of a molecule may be 
written in the form 


En(Dxs Py Pz) = (px? ae + p,”)/2m 2 oe (42. 1) 


where the first term is the kinetic energy of the translational motion, and e’, 
denotes the energy levels corresponding to the rotation and internal state of 
the molecule; e’, is independent of the velocities and co-ordinates of the centre 
of mass of the molecule (assuming that there is no external field). 

The partition function in the logarithm in formula (41.4) must now be 
replaced by the expression 


co 8 06S6c5.,—UCCO 


1 ; 
» Ome e-= ey | | [exl-@2t+0yt+2.8/2mr) dp. dp, dp, dV 
= V(mT /27h?)3!2 Y enexIT; (42.2) 
R 


the integration over V (dV = dx dy dz) is over the whole volume of the gas. 
For the free energy we obtain 


eV [mT \3 ; 
F = —NT log ia (saa) E ewuir], (42.3) 


The sum in (42.3) cannot, of course, be calculated in a general form without 
any assumptions as to the properties of the molecules, but an important fact 
is that it depends only on the temperature. The dependence of the free energy 
on the volume is therefore entirely determined by formula (42.3), and so we 
can derive from it various important general results concerning the properties 
of an ideal gas (which is not in an external field). 

Separating in (42.3) the term containing the volume, we may write this for- 


mula as 
F = —NT log (eV/N)+Nf(T), (42.4) 


where f(T) is some function of the temperature. Hence the pressure of the gas 
is P = —OF/0V = NT/V, or 
PV = NT. (42.5) 


Thus we have the familiar equation of state of an ideal gas. If the tempera- 
ture is measured in degrees, thent 


PV = NKT. (42.5a) 


t For a gram-molecule of gas (N = 6.023 x 1078 = AvoGADRO’s number), the product 
R = Nk is called the gas constant: R = 8.314X107 erg/deg. 
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Knowing F, we can find the other thermodynamic quantities also. For 
example, the thermodynamic potential is 


@ = —NT log (eV/N)+Nf(T)+PV. 
Substituting V = NT/P according to (42.5) (since ® must be expressed as a 


function of P and T) and using a new function of temperature y(7) = f(T) 
—T log T, we obtain 


® = NT log P+Ny(7). (42.6) 
The entropy is defined as 
= —OF/OT = N log (eV/N)—Nf'(Z), (42.7) 
or, as a function of P and T, 
S = —0@/oT = —N log P—Ny'(T). (42.8) 
Finally, the energy is 
E = F+TS = Nf(T)—NTf (1). (42.9) 


We see that the energy is a function only of the temperature of the gas (and 
the same is true of the heat function W = E+PV = E+NT). This is evident 
a priori: since the molecules of an ideal gas are assumed not to interact, the 
change in their mean distance apart when the total volume of the gas varies 
cannot affect its energy. 

As well as E and W, the specific heats C, = (O£/0T), and C, = (OW/O0T)p 
are functions only of the temperature. In what follows it will be convenient to 
use the specific heats per molecule, denoted by lower-case letter c: 


C, = Ney, Cy = Nop. (42.10) 
Since for an ideal gas W—E = NT, the difference c,—c, has a fixed value: 
cCy=¢,; =1 (42.11) 


(in ordinary units, c,—c, = k).* 


PROBLEMS 
PROBLEM 1. Find the work done on an ideal gas in an isothermal change of volume from 
V, to V; (or of pressure from P, to P,). 


SoLuTIoN. The required work R is equal to the change in the free energy of the gas, and 
from (42.4) we have 


The quantity of heat absorbed in this process is 
Q = T(S,—S,) = NT log (V2/V). 


The latter result also follows directly from the fact that R+Q is the change of energy and 
is equal to zero for an isothermal process in an ideal gas. 


tSince the specific heat is the derivative of the energy (quantity of heat) with respect 


to temperature, C must be replaced by C/k in the formulae when ordinary units (degrees) 
are used. 


E 
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PROBLEM 2. Two vessels contain two identical ideal gases at the same temperature T 
and with equal numbers of particles N but at different pressures P, and P,. The vessels are 
then connected. Find the change in entropy. 


SOLUTION. Before the vessels are connected, the entropy of the two gases is equal to the 
sum of their entropies, Sy) = —N log (P,P,)—2Ny'(T). After the connection, the tempera- 
ture of the gases remains the same (as follows from the conservation of energy for the two 
gases). The pressure is given by the relation 


1) Wythe, | 1 1 ) 
Pont’ = (Ft): 
The entropy is now 
_ P, +P, , 
S = 2N log 2P-P, 2Ny'(T). 
The change in entropy is therefore 
(P,+P2)? 
AS = N log ——-—*., 
© ~4P,P, 


PROBLEM 3. Find the energy of an ideal gas in a cylindrical vessel of radius R and 
height 4 rotating about its axis with angular velocity Q. 

SoLuTion. According to §34, the rotation is equivalent to the presence of an external 
“centrifugal” field with potential energy u = —4 m?r? (r being the distance of a particle 


from the axis of rotation). 
When an external field is present, the integrand in (42.2) contains an extra factor e-“/7, 
and so in the argument of the logarithm in (42.3) the volume V is replaced by the integral 


| e~*/T dV. Thus 
F = F,—NTlog - f e-“lT AV, 
where Fy is the free energy of the gas in the absence of the external field. 


In the present case this formula for the free energy becomes (in a rotating co-ordinate 
system) 


AR 
, 1 
fF’ = Fo—NT log spay, | J emQ?r2/2T Qo dr dz 
00 
2T 
= Fy—NT log | Frey (enorme —1)]. 


The angular momentum of the gas is 


M = —OF’/02 


2NT NmR?Q 
Q 1—e—mQ2R2/27 * 


The energy in a system rotating with the body is 


NmQ? R? 
E'= F’-T OF’ /oT = £o- FG —e-nampn TNT, 


and in a fixed system of co-ordinates (see (26.5)) 


- NmQ? R2 
E= E’+MQ2 = Eo+ 3G — ec amma NT, 


where E, is the energy of the gas at rest. 
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§43. Ideal gases with constant specific heat 


We shall see later that in many important cases the specific heat of a gas 
is constant, independent of temperature, over a greater or smaller tempera- 
ture interval. For this reason we shall now calculate in a general form the 
thermodynamic quantities for such a gas. 

On differentiating the expression (42.9) for the energy, we find that the 
function f(T) is related to the specific heat c, by —7f’(T) = c,. Integration of 
this relation gives 

J(T) = —c¢,T log T—T+ £0, 
where ¢ and é 9 are constants. Substitution in (42.4) gives for the free energy 
the final expression 


F = Neo—NT log (eV/N)—Ne,T log T—N¢T. (43.1) 
The constant ¢ is called the chemical constant of the gas. For the energy we 
have 
E = Néo+Ne,T, (43.2) 
a linear function of the temperature. 
The thermodynamic potential ® of the gas is obtained by adding to (43.2) 
the quantity PV = NT, the volume of the gas being expressed in terms of the 
pressure and the temperature. The result is 


® = Néot+ NT log P—Nce,T log T—NCT. (43.3) 
The heat function W = E+PV is 
W = Neot+Ne,T. (43.4) 


Finally, differentiating (43.1) and (43.3) with respect to temperature, we ob- 
tain the entropy in terms of T and V and of T and P respectively: 
S = N log (eV/N)+Ne, log T+(C+c,)N, (43.5) 
S = —N log P+Ne, log T+(¢+c,)N. (43.6) 
From these expressions for the entropy we can, in particular, derive im- 
mediately a relation (called the Poisson adiabatic) between the volume, tem- 
perature and pressure of an ideal gas (of constant specific heat) undergoing 
adiabatic expansion or compression. Since the entropy remains constant in an 
adiabatic process, we have from (43.6) —N log P+WNc, log T = constant, 
whence 7°?/P = constant or, using (42.11), 
T’P!-” = constant, (43.7) 
where y denotes the constant ratio 


Y = Cp[Cy. (43.8) 


Using also the equation of state PV = NT, we obtain relations between T and 
V,and P and V: 
TV’-1 = constant, PV’ = constant. (43.9) 
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PROBLEMS 


PROBLEM 1. Two identical ideal gases at the same pressure P and containing the same 
number of particles N but at different temperatures T, and T, are in vessels with volumes 
V, and V,. The vessels are then connected. Find the change in entropy. 


SOLUTION. Before the vessels are connected, the entropy of the two gases, equal to the 
sum of their entropies, is by (43.6) So = —2N log P+Ne, log (T,T,).t After the connec- 
tion, the temperatures of the gases become equal. The sum of the energies of the two gases 
remains constant. Using the expression (43.2) for the energy, we find T = #(7,4+T>), 
where T is the final temperature. 

After the connection, the gas contains 2N particles and occupies a volume VzA+V, = 
N(T,+T,)/P. Its pressure is then 2NT/(V,+ V2) = P, ie. the same as before. The 
entropy is 

S = —2N log P+2Ne, log (37,+47>), 
and the change in entropy is 
AS = S—S, 
(T,+T-2)? 
47,T, ~ 


PROBLEM 2. Find the work done on an ideal gas in adiabatic compression. 


= Ne, log 


SOLUTION. In an adiabatic process the quantity of heat Q = 0, and so R = E,—E,, 
where E, —E, is the change in energy during the process. According to (43.2) R = Ne,(T. —- 
T,), where T, and T, are the gas temperatures before and after the process. R can be 
expressed in terms of the initial and final volumes V, and V, by means of the relation 
(43.10): 

R = Ne,T,[(V,/V2)”-1—1] 
= Ne,Ts[1 —(V2/V,)7—4]. 
’ PROBLEM 3. Find the quantity of heat gained by a gas in an isochoric process, i.e. one 
which occurs at constant volume. 
SOLUTION. Since in this case the work R = 0, we have 
Q= E,—E, = Ne,(T2—T)). 

PROBLEM 4. Find the work done and quantity of heat gained in an isobaric process, i.e. 
one which occurs at constant pressure. 

SOLUTION. At constant pressure 

R= —P(Vz— V;), Q= W.- W,, 
whence 
R= N(T,-T,), Q = Ne,(T2—T7,). 

PROBLEM 5. Find the work done on a gas and the quantity of heat which it gains in 
compression from volume V; to V, in accordance with the equation PV" = a (a polytropic 
process). 


SOLUTION. The work is 
Ve 


R= -[P dV =" (VI HE), 
Vy 


Since the sum of the quantity of heat gained and the work done is equal to the total change 
in energy, we have Q = Ne,(T,—T7,)—R, and since T = PV/N = (a/N)V1-*, 


Q = a(c,+7—)(H"— vii), 


t We everywhere omit the constant terms in the entropy and energy which are unimpor- 
tant in the solution of problems. 


l—na” 
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PROBLEM 6. Find the work done on an ideal gas and the quantity of heat which it gains 
on going through a cyclic process (i.e. one in which it returns to its initial state at the end 
of the process), consisting of two isochoric and two isobaric processes: the gas goes from 
a state with pressure and volume P,, V, to states P,, Vz; Pz, Vo; Po, V,; Py, V, again. 


SOLUTION. The change in energy in a cyclic process is zero, since the initial and final 
States are the same. The work done and the quantity of heat gained in such a process are 
therefore the same with opposite signs (R = —Q). In order to find R in the present case, 
we note that in isochoric processes the work done is zero, and for the two isobaric processes 
it is respectively —P,(V,—V,) and —P,(V,—V,). Thus R = (V.— V,)(P2—P)). 


PROBLEM 7. The same as Problem 6, but for a cyclic process consisting of two isochoric 
and two isothermal processes, the successive volumes and temperatures of the gas being 
Vi, Ti; Vi, T2; V2, T33 V2, Ti; Vi, T}. 

SOLUTION. 

R = (T,— TN log (V,/V2). 
PROBLEM 8. The same as Problem 6, but for a cyclic process consisting of two isothermal 


and two adiabatic processes, the successive entropies, temperatures and pressures being 
Si, Ti; Py; Si, Te3 So, To, Po; Ss, Ty; S41, Ti, P,, 


SOLUTION. 
Q = (T,—T,)(S2—S)) 
= (T;,—T,){N log (P;/P2)+Nec, log (T2/T;)). 


PROBLEM 9. The same as Problem 6, but for a cyclic process consisting of two isobaric 
and two isothermal processes, the successive states being Py, T; Py, Te; Po, T2; Po, Ty3 
Pas T 7 


SOLUTION. The work done on the gas in the isobaric processes is (see Problem 4) 
N(T,—T,) and N(T,—T,), and that in the isothermal processes is NT, log (P2/P,) and 
NT, log (P;/P2). The sum of these is R = N(T,—T,) log (P,/P,). 


PROBLEM 10. The same as Problem 6, but for a cyclic process consisting of two isobaric 
and two adiabatic processes, the successive states being Py, S1, Ty; Py, S23 Po, S2, Te; 
Ps, Sy; Py, Sy, Ty. 


SOLUTION. The temperature in the second state is T,(P:/P,)"-”’, and in the fourth 
state T,(P,/P.)?—”!?; these are obtained from T, and T, by means of (43.7). The quantity 
of heat gained by the gas in adiabatic processes is zero, and in the isobaric processes it is 
(see Problem 4) 

Ne,[T2(P2/P,)¢-”¥—T,] and 
Ne,{T (Pi /P2)4-”/Y — To]. 
Hence 
Q = NegT,[(Py/P2)4-”!”— 1] + NepTol(P2/P,)4- 77 ~ 1]. 


PROBLEM 11. The same as Problem 6, but for a cyclic Process consisting of two isochoric 
and two adiabatic processes, the successive states being V,, Si, 71; Vi, Se; Vo, So, Ts} 
Vo, Si; Vy, Si, 7). 


SOLUTION. Using the result of Problem 2, we find 
R = Ne,T.[1—(V2/V,)"-3] +Ne,7,{1 —(V,/V2)7~ 4. 


PROBLEM 12. Determine the maximum work that can be obtained by connecting vessels 
containing two identical ideal gases at the same temperature T, and with equal numbers 
of particles N but having different volumes V, and V2. 

SOLUTION. The maximum work is done if the process occurs reversibly (i.e. if the 
entropy remains constant), and is equal to the difference between the energies before and 
after the process (§19). Before the connection of the vessels, the entropy of the two gases 
is equal to the sum of their entropies, i.e. by (43.5), 


So = N log (e?V,V2/N2)+2Ne, log Tp. 


| 
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After the connection we have a gas consisting of 2N particles occupying a volume Vitv, 
at some temperature 7. Its entropy is 


S = 2N log [e(V,+ V2)/2N]+2Ne, log T. 
Equating S, and S gives the temperature T: 
4V,V_ Jr-ve 
Cereal 


The energy of the two gases before and after the connection is Ey) = 2Nc,T) and E = 
2Nc,T respectively. The maximum work is therefore 


Ruaz = Ey—E = 2No,(Ty—-T) = 2Ne,Th E ~( 


T =| 


4V,V_ \v-nI 
(Yy+ rai) 


PROBLEM 13. The same as Problem 12, but for gases with the same pressure P, and 
different temperatures 7, and 7, before the connection of the vessels. 


SOLUTION. We have similarly 


T,T, yrrvie 
Gost | 


PROBLEM 14. Find the minimum work that must be done on an ideal gas in order to 
compress it from pressure P, to P, at a constant temperature equal to that of the surround- 
ing medium (T = 7,). 

SOLUTION. According to (20.2) the minimum work is Ruin = (E2—-E1) —To(S2,—-S)+ 
P,(V,—V,), where the suffixes 1 and 2 refer to the gas before and after compression. 
In the present case the energy E is unchanged (since the temperature is constant), i.e. 
E,—E, = 0. Using (43.6), we find the change of entropy corresponding to the change of 
pressure from P, to Py: S,—S, = N log (P;/P,), and the change of volume is V,—V, = 
NT,(1/P.—1/P,). Hence 


Ruwx = Nee {Ti+T:~27-VTiT2)| 


Rain = NT, [toe St+Po (-7) ; 
PROBLEM 15. Determine the maximum work which can be obtained from an ideal gas 
cooled from temperature 7 to the temperature of the medium 7, at constant volume. 
SOLUTION. From the general formula (20.3), 
Roax = Ne,(T— Ty) +Ne,T» log (T/T). 
PROBLEM 16. The same as Problem 15, but for a gas cooled from temperature 7 to the 


temperature of the medium 7, and at the same time expanding from pressure P to the 
pressure of the medium Pp. 
SOLUTION. 
Ruax = Ne,(T—T))+NTp log (P/Po) +Ne To log (T)/T)+N(TPo/P —To). 

PROBLEM 17. Gas at temperature 7, flows from a large thermally insulated reservoir into 
an empty thermally insulated vessel, the gas pressure in the reservoir remaining constant. 
Find the change in the gas temperature. 

SOLUTION. The energy E of the gas in the vessel consists of the energy Ey) which it had 
in the reservoir and the work done on it to “expel” it from the reservoir. Since the state of 
the gas in the reservoir may be regarded as steady, we have the condition W, = E (cf. §18). 
The gas temperature in the vessel is therefore T = yT). 


§44. The law of equipartition 


Before going on to calculate in detail the thermodynamic quantities for 
gases, making allowance for the various quantum effects, it is useful to con- 
sider the same problem from the point of view of purely classical statistics. 
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We shall see ater when and to what extent the results obtained are applicable 
to actual gases. 

A molecule is a configuration of atoms executing small oscillations about 
certain equilibrium positions which correspond to minimum potential energy 
of their interaction. The potential energy is then of the form 

Tvib 

u=éeot Y Gindidre, 

i,R=1 
where &o is the potential energy of interaction of the atoms when they are 
all in their equilibrium positions; the second term is a quadratic function of 
the co-ordinates which give the deviations of the atoms from their equilibrium 
positions. The number r,,, of co-ordinates in this function is the number of 
vibrational degrees of freedom of the molecule. 

This number can be determined from the number vn of atoms in the mole- 
cule. A molecule containing m atoms has a total of 3n degrees of freedom. 
Three of these correspond to the translational motion of the molecule as a 
whole, and three to its rotation as a whole. If all the atoms are collinear (and 
in particular for a diatomic molecule) there are only two rotational degrees 
of freedom. Thus a non-linear molecule of nm atoms has 3n—6 vibrational 
degrees of freedom, and a linear one has 3n —5. Forn = 1 there are, of course, 
no vibrational degrees of freedom, since all three degrees of freedom of an 
atom correspond to translational motion. 

The total energy e of the molecule is the sum of the potential and kinetic 
energies. The latter is a quadratic function of all the momenta, and these are 
equal in number to the full 3” degrees of freedom of the molecule. The energy 
é is therefore of the form ¢ = eo0+f/i,(p, q), where fi,(p, g) is a quadratic 
function of the momenta and co-ordinates; the total number of variables in 
this function is / = 6n—6 (for a non-linear molecule) or 6n—5 (for a linear 
molecule); in a monatomic gas, / = 3, since the co-ordinates do not appear 
at all in the expression for the energy. 

Substituting this expression for the energy in (41.5) we have 


e-e—eol T 
Fe —WNT log ea ec dt. 


In order to find the dependence on temperature of the integral in this formula, 
we substitute p = p’4/T, q = q’\/T for all the / variables on which the func- 
tion fi;(p, g) depends. Since this function is quadratic, f,(p, q) = Thy(p’, q’), 
and T cancels in the exponent of the integrand. The transformation of the 
differentials of these variables in dz gives a factor T’2, which can be taken 
outside the integral. The integration over the vibrational co-ordinates q is 
taken over the range of values corresponding to vibrations in which the 
atoms remain within the molecule. However, since the integrand diminishes 
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rapidly with increasing q, the integration may be extended to the whole range 
from — co to oo, as well as over all the momenta. The above-mentioned 
change of variables then leaves the limits of integration unaltered, and the 
whole integral is a constant independent of temperature. Using also the fact 
that the integration with respect to the co-ordinates of the centre of mass of 
the molecule gives the volume V occupied by the gas, we obtain for the free 
energy an expression of the form 


F = —NT log (AVe-‘TTU2/N), 


where A is a constant. Expanding the logarithm, we have an expression of 
exactly the type (43.1) with a constant specific heat equal to 


Cy = 41. (44.1) 
The specific heat Cy = ¢,+1 is accordingly 
Cy = $(/4+2). (44.2) 


Thus we see that a purely classical ideal gas must have a constant Specific 
heat. Formula (44.1) enables us to state the following rule. Each variable in 
the energy «(p, g) of the molecule gives an equal contribution of 4 to the 
specific heat c, of the gas ($k in ordinary units) or, what is the same thing, 
an equal contribution of 47 to its energy. This is called the Jaw of equiparti- 
tion. 

Since for the translational and rotational degrees of freedom the energy 
é(p, g) contains only the corresponding momenta, we can say that each of 
these degrees of freedom gives a contribution of 4 to the specific heat. Each 
vibrational degree of freedom corresponds to two variables (co-ordinate and 
momentum) in the energy e(p, q), and its contribution to the specific heat 
is 1. 

For the model considered here it is easy to find a general formula for the 
energy distribution of the gas molecules. For convenience we shall measure 
the energy of a molecule from the value éo, i.e. omit this constant from the 
expression for e(p, g). Let us consider the volume in the phase space of the 
molecule whose points correspond to values of e(p, g) not exceeding a given 
value e, i.e. determine the integral t(e) = fdr taken over the region e(p, q) 
<= €. According to the foregoing discussion, e(p, g) is a quadratic function of 
I variables. We replace those / quantities p, gq on which the energy «(p, q) 
depends by new variables p’ = p/*/«, q’ = q//e. Then the condition ¢(p, q) 
<= € becomes e’(p’, g') <1, and fdv becomes e!”f dz’. The integral f dv’ is 
clearly independent of ¢, and so t = constant Xe'”, whence dt(e) = con- 
stant X«*!—1 de and the energy probability distribution is 


dw, = Ae~*/Tetl-1 de, 
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Determining A from the normalisation condition, we find 


1 


— _ o—p—t/T pe H-1 
: TRATES E de. (44.3) 


dw 


PROBLEM 


Find the specific heat of an ideal gas in the extreme relativistic case, where the energy 
of a particle is related to its momentum by e = cp, c being the velocity of light. 


SOLUTION. According to (41.5) we have 
F= —NTlog ene dee | e-cP/T.4np? dp 
N(2zh)3 
0 
or, after carrying out the integration, 
F = —NT log (AVT3/N), 

where A is a constant. The specific heat is therefore Cy = 3, which is twice the value for a 
non-relativistic monatomic gas. 


§45. Monatomic ideal gases 


The complete calculation of the free energy (and therefore of the other 
thermodynamic quantities) for an ideal gas requires a calculation of the 
specific form of the partition function in the logarithm in (42.3), 


ZL = y e7e'x/T, 
R 


Here «’, are the energy levels of the atom or molecule (the kinetic energy of 
the translational motion of the particle being excluded). If the summation is 
taken only over all the different energy levels, it must be remembered that a 
level may be degenerate, and in this case the corresponding term must appear 
in the sum over all states as many times as the degree of degeneracy. Let this 
be g,. The degree of degeneracy of the level is often called in this connection 
its statistical weight. Omitting for brevity the prime in e’,, We can write the 
partition function concerned in the form 


Z=¥ gpe-'T, (45.1) 
R 
The free energy of the gas is 
eV (mT \3/2 
F = —NT log v7 (saa2) Z|. (45.2) 


Turning now to the consideration of monatomic gases, we must first of all 
make the following important comment. As the gas temperature increases, so 
does the number of atoms in excited States, including the states of the 
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continuous spectrum, which correspond to ionisation of the atom. When the 
temperature is not too high, the relative number of ionised atoms in the gas 
is negligible, but the gas is almost completely ionised at temperatures T of 
the order of the ionisation energy J,,,, and not only for T'>> J;,, (see §106). 
Thus a non-ionised gas can reasonably be considered only at temperatures 
such that T< Jin." 

The atomic terms (neglecting their fine structure) are so situated that the 
separation between the ground state and the first excited level is comparable 
with the ionisation energy. At temperatures T < J,,,, the gas will therefore 
be practically free not only of ionised atoms but also of excited atoms, and so 
all the atoms may be regarded as being in the ground state. 

Let us first consider the simplest case, that of atoms which in their ground 
state have neither orbital angular momentum nor spin (L = S = 0), such as 
the atoms of the inert gases. The ground state is not degenerate, and the 
partition function reduces to a single term, Z = e~%/?. For monatomic 
gases it is customary to put €9 = 0, i.e. to measure the energy from the ground 
state of the atom, so that Z = 1. Expanding the logarithm in (45.2) as a sum 
of logarithms, we obtain for the free energy an expression of the type (43.1), 
with constant specific heat 

Cy = 3/2 (45.3) 
and chemical constant 


3 m 


This value of the specific heat is due entirely to the translational degrees of 
freedom of the atom (+ for each degree of freedom); it will be remembered 
that the translational motion of the gas particles is always quasi-classical. 
The “electronic degrees of freedom’”’ under these conditions (no excited atoms 
in the gas) have, of course, no effect on the thermodynamic quantities. 

These expressions enable us to deduce a criterion for the validity of Boltz- 
mann statistics. In this statistics it is assumed that 


ny — e!—ex/T < | 


t For different atoms the temperature J;,,/k lies between 5X10‘ degrees (alkali metal 
atoms) and 28x 10* degrees (helium). 

+ The “electronic part” of the thermodynamic quantities, naturally, can never be treated 
classically. In this connection we may note the fact (which in essence has been tacitly 
assumed already) that in classical statistics the atoms must be regarded as particles without 
internal structure. The impossibility of applying to effects within the atom a statistics based 
on classical mechanics is further shown by the absurd result obtained on substituting the 
interaction energy between the electrons and the atomic nucleus in the classical distribution 
formulae. This energy is of the form —a/r, where r is the distance of the electron from the 
nucleus and a is a constant. The substitution would give a factor e¢/"? in the distribution, 
which becomes infinite for r = 0. This would mean that all the electrons would have to 
“fall” into the nucleus in thermal equilibrium. 
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(see (37.1)). It is clearly sufficient to require the fulfilment of the condition 
evlT < |, 


For the chemical potential u = ®/N we have from (43.3), with c, and ¢ 
given by (45.3) and (45.4), 


P Irth? 3/2 
pref) 


= Tlog E (ar) |. (45.5) 


Thus we obtain the condition 
(N/V) (h?/mT)3? < 1. (45.6) 


For a given temperature, this condition requires that the gas should be 
sufficiently rarefied. Substitution of numerical values shows that in practice, 
for any atomic (or molecular) gas, this condition can be violated only at 
densities where the interaction of the particles becomes important and the 
gas can in any case no longer be regarded as ideal. 

It is useful to note the following intuitive interpretation of the above con- 
dition. Since the majority of atoms have energies of the order of 7, and 
therefore momenta of the order of 1/(mT), we can say that all the atoms occ- 
upy in phase space a volume of the order of V(mT)*?, corresponding to 

~ V(mT)*2/#? quantum states. In the Boltzmann case this number must be 
large compared with the number N of particles, and hence we have (45.6). 

Finally, we may make the following comment. The formulae derived in 
this section appear at first sight to contradict NERNST’s theorem, since neither 
the entropy nor the specific heat is zero at T = 0. However, it must be 
remembered that, under the conditions for which NERNST’s theorem is stated, 
all actual gases condense at sufficiently low temperatures. For NERNST’s 
theorem requires that the entropy of a body should tend to zero at T = O fora 
fixed value of its volume. But as T - 0 the saturated vapour pressure of all 
substances becomes arbitrarily small, so that a fixed finite quantity of matter 
in a fixed finite volume cannot remain gaseous as T — 0. 

If we consider a model of a gas, possible in principle, which consists of 
mutually repulsive particles, then, although such a gas will never condense, at 
sufficiently low temperatures Boltzmann statistics ceases to be valid, and the 
application of Fermi or Bose statistics leads, as we shall see later, to express- 
ions which are in agreement with NERNST’s theorem. 


§46. Monatomic gases. The effect of the electronic angular momentum 


If only one of the angular momenta L and S is non-zero in the ground 
state of the atom, then this state again has no fine structure. In practice the 
absence of fine structure of the ground state is always due to a zero orbital 
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angular momentum; the spin S is sometimes not zero (for example, atoms in 
the vapour of alkali metals). 

A level with spin S is (25+ 1)-fold degenerate. The only difference as com- 
pared with the case discussed in §45 is that the partition function Z is now 
2S+1 instead of 1, and so the chemical constant (45.4) is increased by the 
quantity? 

Cs = log (2S+1). (46.1) 


If the ground state of an atom has a fine structure, it must be remembered 
that the intervals in this structure may generally be comparable with 7, and 
so all the components of the fine structure of the ground state must be taken, 
into account in the partition function. 

The fine-structure components differ in the value of the total angular 
momentum of the atom (with given orbital angular momentum L and spin S). 
Let these levels, measured from the lowest of them, be denoted by ¢,. Each 
level with a given J is (2J+1)-fold degenerate with respect to orientations of 
the total angular momentum.! The partition function therefore becomes 


Z = Y(2I+Ve-s/T; (46.2) 
J 


the summation is taken over all possible values of J for the given L and S. 
We obtain for the free energy 


eV (mT \3?2 i 
F= -NT og | 5 (sa) YQs+De vr. (46.3) 


This expression becomes considerably simpler in two limiting cases. Let 
us assume that the temperature is so high that TJ is large in comparison with. 
with all the fine-structure intervals: T>> e,. Then we can put e~/T = 1, 
and Z becomes simply the total number of fine-structure components 
(2S+ 1)(2L+1). The expression for the free energy involves the constant 
specific heat c, = 3/2 as before, and the quantity 


for = log [2S+1)2L+))] (46.4) 


is added to the chemical constant (45.4). 
Similar expressions for the thermodynamic quantities (with a different ¢) 
are obtained in the opposite limiting case where T is small compared with the 


* We may write out for reference the formula for the chemical potential of a monatomic 
ideal gas with statistical weight (degree of degeneracy) of the ground state g: 


P  (2xnh? \3/2 N (2h? \3/2 
a= Thee laa () |= sla) |- oer 


This applies also to a Boltzmann gas of elementary particles; for instance, in an electron 
gas g = 2, 

f We assume that Russell-Saunders coupling is valid in the atom; see Quantum Mechanics, 
§72. 
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fine-structure intervals.t In this case all terms may be neglected in the sum 
(46.2) except the one with e, = 0 (the lowest component of the fine structure, 
i.e. the ground state of the atom). In consequence the quantity added to the 
chemical constant (45.4) is 

C¢; = log (2J+1), (46.5) 
where J is the total angular momentum of the atom in the ground state. 

Thus, when the ground state of the atom has fine structure, the specific 
heat of the gas at sufficiently low and sufficiently high temperatures has the 
same constant value, but in the intermediate range it depends on the tem- 
perature and passes through a maximum. It must be borne in mind, however, 
that for gases concerned in practice (heavy-metal vapours, atomic oxygen, etc.) 
only the range of high temperatures, where the specific heat becomes con- 
stant, is of importance. 

So far we have ignored the possibility that the atom has a non-zero nuclear 
spin i. The existence of such a spin causes the Ayperfine splitting of atomic 
levels. The intervals in this structure are, however, so small that they may be 
neglected in comparison with T at all temperatures where the gas remains a 
gas.? In calculating the partition function, the energy differences between the 
hyperfine multiplet components may be entirely neglected, and the splitting 
need be taken into account only as increasing the degree of degeneracy of 
each level (and therefore the sum Z) by a factor 2i+ 1. Accordingly, the free 
energy contains an additional “nuclear”’ term 


Fuuc = —NT log i+ 1). (46.6) 


This term does not affect the specific heat of the gas (the corresponding 
energy E,,, = 0) and simply changes the entropy by S,,, = N log (2i+ 1), 
and the chemical constant by ¢,,, = log (2i+ 1). 

Because the interaction between the nuclear spin and the electron shells is 
extremely weak, the “nuclear” part of the thermodynamic quantities usually 
plays no part in the various thermal processes and does not appear in the 
equations. We shall therefore omit these terms, as is usually done; in other 
words, we shall measure the entropy not from zero but from the value Sj. 
due to the nuclear spins. 


§47. Diatomic gases with molecules of unlike atoms. Rotation of molecules 


Turning now to the calculation of the thermodynamic quantities for a 
diatomic gas, we may point out first of all that, just as monatomic gases can 


t As examples, the quantities ¢,/k for the components of the triplet ground state of the 
oxygen atom are 230° and 320°; for those of the quintet ground state of the iron atom they 
are between 600° and 1400°, and for the doublet ground state of the chlorine atom 1300°. 

{ The temperatures corresponding to the hyperfine structure intervals of various atoms 
range from 0.1° to 1.5°. 
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reasonably be considered only for temperatures T which are small compared 
with the ionisation energy, a diatomic gas can be regarded as such only if T 
is small compared with the dissociation energy of the molecule.* This in turn 
means that only the lowest electronic state of the molecule need be retained 
in the partition function. 

Let us begin with the most important case, where the gas molecule in the 
lowest electronic state has neither spin nor orbital angular momentum about 
the axis (S = 0, A = 0); such an electronic state has, of course, no fine struct- 
ure. We must also distinguish molecules composed of unlike atoms (includ- 
ing different isotopes of the same element) from those composed of like 
atoms, since the latter case has certain specific properties. In the present sec- 
tion we shall assume that the molecule consists of unlike atoms. 

The energy level of a diatomic molecule is, to a certain approximation, the 
sum of three independent parts: the electron energy (which includes also the 
energy of the Coulomb interaction of the nuclei in their equilibrium position 
and will be measured from the sum of the energies of the separated atoms), 
the rotational energy, and the vibrational energy of the nuclei within the 
molecule. For a singlet electronic state, these levels may be writtent 

Eyx = Eo tho(vt+4)+#K(K+ 1)/27, (47.1) 
where éo is the electron energy, Aw the vibrational quantum, v the vibrational 
quantum number, K the rotational quantum number (angular momentum of 
the molecule), J = m’r,? the moment of inertia of the molecule (m’ = 
mM M2/(m,+ mz) is the reduced mass of the two atoms and ro the equilibrium 
value of the distance between the nuclei). 

When the expression (47.1) is substituted in the partition function, the 
latter is resolved into three independent factors: 


Z = e-VTZ tZyin, (47.2) 


where the “rotational” and “vibrational”? sums are defined by 


co 


Zrot = Y, (2K+ ler K(K+2T1, (47.3) 
K=0 

Zyib = s en nmeraly, (47.4) 
v=0 


the factor 2K+1 in Z,,, taking account of the degeneracy of the rotational 
levels with respect to the orientations of the angular momentum K. Accord- 
ingly, the free energy is the sum of three parts: 

V T \3/2 
F = —NT log Es (srt) |+Froet Frnt Neo (47.5) 


+ As examples, the temperatures I;,./k for some diatomic molecules are H, 52,000°, 
N, 85,000°, O2 59,000°, Cl, 29,000°, NO 61,000°, CO 98,000°. 
t See Quantum Mechanics, §82. 
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where m = m1+mg is the mass of the molecule. The first term may be called 
the translational part F,, (since it arises from the degrees of freedom of the 
translational motion of the molecules), and 


Frot = —NT log Zyot Fyip = —NT log Zyin (47.6) 


the rotational and vibrational parts. The translational part is always given 
by a formula of the type (43.1) with a constant specific heat c,, = 3/2 and 
chemical constant 


3 m 
i = oy log nh?” (47.7) 


The total specific heat of the gas is the sum of several terms: 


Cy = Ctpt Crot + Cyin> (47.8) 
Cp = Cept Crop tevin +1, 
which arise respectively from the thermal excitation of the translational 
motion of the molecule, its rotation and the vibrations of atoms within 
the molecule. 

Let us next calculate the rotational free energy. If the temperature is so 
high that T>> #2/2/ (i.e. the “rotational quantum” 4?/2/ is small compared 
with 7)', then the terms with large K are the most important in the sum (47.3). 
For large values of K, the rotation of the molecule is quasi-classical. In this 
case, therefore, the partition function Z,,, can be replaced by the corre- 
sponding classical integral: 


Zrot = | e-MIT dry, (47.9) 


where «(M) is the classical expression for the kinetic energy of rotation as 
a function of the angular momentum M. Using a system of co-ordinates &, 
n, € rotating with the molecule, with the -axis along the axis of the molecule, 
and bearing in mind that a diatomic molecule has two rotational degrees of 
freedom and the rotational angular momentum of a linear mechanical system 
is perpendicular to its axis, we can write 


e(M) = (M.2+M,2)/21. 


The element dt,,, is the product of the differentials dM,, dM, and the differen- 
tials dg,, dd, of the “generalised co-ordinates” corresponding to M;, M, 
(i.e. the infinitesimal angles of rotation about the £ and 7 axes), divided by 
(2xh)?.t The product of two infinitesimal angles of rotation about the € and 
n axes is just the element of solid angle do, for the direction of the third axis 


t In practice this condition is always satisfied for all gases except the two isotopes of 
hydrogen. As examples, the values of #2/2kI are: H, 85.4°, D, 43°, HD 64°, N, 2.9°, 
O, 2.1°, Cl, 0.36°, NO 2.4°, HCI 15.2°. 

tIt must be remembered that this notation is to some extent arbitrary, since ddg and 
d¢,, are not total differentials of any function of the position of the axes. 
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¢, and integration over the solid angle gives 4. Thus? 


ee | fox | ~arrMe+ M8) | dime dM, = 2IT/H. 


Hence the free energy is 
Frot = —NT log T—NT log (21/h?). (47.10) 


Thus, at the relatively high temperatures under consideration, the rotational 
part of the specific heat is a constant, c,,, = 1, in accordance with the general 
results of the classical treatment in §44 (4 for each rotational degree of free- 
dom). The rotational part of the chemical constant is rot = log (21/h?). We 
shall see below that there is a considerable range of temperatures over which 
the condition T > #?/2J holds and at the same time the vibrational part of 
the free energy, and therefore the vibrational part of the specific heat, are 
zero. Over this range the specific heat of a diatomic gas c, = C+ Crop» i.€. 


Cy = 5/2, Cp = 7/2, (47.11) 


and the chemical constant ¢ = €,.+C,0¢: 
€ = log [(21/h*)(m/22)3/2]. (47.12) 


In the opposite limiting case of low temperatures, T < 2/21, it is sufficient 
to retain the first two terms of the sum: 


Zrot = 14+3e-#IT, 


and for the free energy we have in the same approximation 


Fro = —3NTe-* IIT, (47.13) 
Hence the entropy is 
SNA iT 2 
Srot = Tr’ (1+/T/h?) (47.14) 
and the specific heat is 
Crot = 3N(A/IT)Pe- FIT, (47.15) 


Thus the rotational entropy and specific heat of the gas tend to zero essen- 
tially exponentially as T — 0. At low temperatures, therefore, a diatomic gas 
behaves like a monatomic one; both the specific heat and the chemical con- 
stant have the same values as in a monatomic gas of particles of mass m. 


t This value of Z,,, can also be derived in another way: assuming that the numbers 
K in the sum (47.3) are large and replacing the summation by integration with respect to 
K, we have 


eo 


Zrot J 2Ke~ UT aK — 2THR. 


0 
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In the general case of arbitrary temperatures the sum Z,,, must be cal- 
culated numerically. Fig. 3 shows c,,, as a function of 27//h?. The rotational 
specific heat has a maximum of 1.1 at T = 0.81(#?/2J), and then tends asymp- 
totically to the classical value 1." 


§48. Diatomic gases with molecules of like atoms. Rotation of molecules 


Diatomic molecules consisting of like atoms have certain specific proper- 
ties which necessitate changes in some of the formulae derived in §47. 
First of all, let us consider the limiting case of high temperatures, where 
a classical treatment is possible. Since the two nuclei are identical, two oppo- 
site positions of the axis of the molecule (differing only in that the two nuclei 
are interchanged) now correspond to the same physical state of the molecule. 
The classical partition function (47.9) must therefore be halved, and so the 
chemical constant becomes 
Crot = log (1/h?); (48.1) 


accordingly the factor 2 disappears from the argument of the logarithm in the 
sum C4.+Crot (47.12). 

More important changes are needed at temperatures where the quantum 
treatment has to be used. Since in practice the entire problem is of interest 
only in its application to the two isotopes of hydrogen (Hz and Dg), we shall 
consider these gases in what follows. The requirement of quantum-mechanical 


t An asymptotic expansion of the thermodynamic quantities for large values of 271/h? 
may be obtained. The first two terms of the expansion for the specific heat are 


Crt = 1+ an ( a ); 
Pe AS OTT) 
It must be remembered, however, that this expansion gives only a poor approximation to 
the function c,,,(7). 
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symmetry in the nuclei‘ results in the electronic state 1% ,*(the ground state 
of the hydrogen molecule) having rotational levels of different nuclear spin 
degeneracy for even and odd values of K: levels with even and odd K respec- 
tively occur only for even and odd total spin of the two nuclei, and have 
relative degrees of degeneracy g, = i/(2i+1), g, = (i+1)/(2i+1) for a half- 
integral spin i of the nuclei, and g, = (i+ 1)/(2i+1), g, = i/(2i+1) for inte- 
gral i. For hydrogen there is an accepted terminology whereby the molecules in 
states of greater nuclear statistical weight are called orthohydrogen molecules, 
and those in states of smaller statistical weight are called parahydrogen 
molecules. Thus for the Hz and D2 molecules the statistical weights are 


ortho g, = 3. ortho gy = 4, 


i De(i = 1) 

pata 8% @ para 8, = 3 
The suffix g denotes that the molecule has an even total nuclear spin (0 for 
He, 0 or 2 for De) and even rotational angular momenta K; the suffix u 
signifies odd total nuclear spins (1 for Hz and De) and odd values of K. 

Whereas, in molecules with unlike nuclei, the nuclear degrees of degeneracy 
of all the rotational levels are the same, and so the allowance for this degener- 
acy simply gives an unimportant change in the chemical constant, here it 
causes a change in the form of the partition function, which must now be 
writtent 


HG = »{ 


Lrot = BqZgt ulus (48.2) 
where 
Z, = YO (2K + Dew PKK + IT, 
K=0,2,... (48.3) 
Zu= Yo QK+ljePK(K+yzRIT, 
K=1,3,... 
Similarly the free energy becomes 
Frot = —NT log (8525+ 8uZu); (48.4) 


and the remaining thermodynamic quantities are likewise changed. At high 
temperatures, 
Zy = Ly = 4Lyo4 = TI/h’, 

so that the previous classical expression is obtained for the free energy, as it 
should be. 

As T + 0 the sum Z, tends to unity and Z,, tends exponentially to zero; 
at low temperatures, therefore, the gas behaves as if monatomic (the specific 
heat c,.; = 0) and the chemical constant simply contains a “nuclear part” 


Che = log 8g: 


t See Quantum Mechanics, §86. 

{ The normalisation of the nuclear statistical weights which we use (such that g,+2,= 1) 
signifies that the entropy is measured from log (2i+1)?, in accordance with the condition 
stated at the end of §46. 
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The above formulae relate, of course, to a gas in complete thermal equi- 
librium. In such a gas the ratio of the numbers of molecules of parahydrogen 
and orthohydrogen is a definite function of temperature, which from the 
Boltzmann distribution is 


XH, = Northo—H2/Npara—He = 8uZulBgZy aol 3Zy/Zg, (48.5) 
1/xp, = Northo—D2/Npara—Ds = &oZg/8uZu ais 2Z,/Zy- 


As the temperature varies from 0 to <, the ratio x4, varies from 0 to 3, 
and Xp, from 0 to 4 (at T = 0 all the molecules are, of course, in the state 
with the lowest value of K, namely K = 0, corresponding to pure para-He 
and ortho-Dg). 

It must be borne in mind, however, that the probability of a change in the 
total nuclear spin in a collision between molecules is very small. The mole- 
cules of orthohydrogen and parahydrogen consequently behave practically as 
different modifications of hydrogen and are not! converted into each other. 
In practice, therefore, we are concerned not with a gas in equilibrium but with 
a non-equilibrium mixture of the ortho and para modifications, the relative 
amounts of which have given constant values.t The free energy of such a 
mixture is equal to the sum of the free energies of the two components. 

In particular, for x = © (pure ortho-He or para-De) we have 


Frot = —NT log (guZ,,). 


At low temperatures (h2/2IT > 1) only the first term in the sum need be 
retained in Z,,, so that Z,, = 3e~**/!7, and the free energy is 


Fro, = N#®/I—NT log (3g,)- 


This means that the gas will behave as if monatomic (c,., = 0), the chemical 
constant including an additional term log (3g,), and the energy a constant 
term N#2/I, corresponding to the rotational energy of all the molecules, with 
K= 1. 


§49. Diatomic gases. Vibrations of atoms 


The vibrational part of the thermodynamic quantities for a gas becomes 
important at considerably higher temperatures than the rotational part, 
because the intervals in the vibrational structure of the terms are large com- 
pared with those in the rotational structure.!! 


t In the absence of suitable catalysts. 

t For an ordinary gas which has been at room temperature for a considerable time the 
ratios are xu, = 3, xp, = }- 

ll As examples, the values of Aw/k for some diatomic gases are H, 6100°, N, 3340°, 
O, 2230°, NO 2690°, HCl 4140°. 
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We shall suppose, however, that the temperature is not large enough to 
excite the very high vibrational levels. Then the vibrations are small, and 
therefore harmonic, and the energy levels are given by the usual expression 
hoo(v + 4) as in (47.4). 

The calculation of the vibrational partition function Zyiy (47.4) is ele- 
mentary. Owing to the very rapid convergence of the series, the summation 
may be formally extended to v = ©. We shall measure the energy of the 
molecule from the lowest vibrational level (v = 0), i.e. include 4ho in the 
constant &9 in (47.1). Then 


Zyin = DY eT hmriT = 1/(1 —e-*e/T), 
v=0 


and hence the free energy is 


Fvib = NT log a —e-hmiT), (49.1) 
the entropy 
Syip = —N log (1 —e-*?/T) + Nhiw/T(e%'T — 1), (49.2) 
the energy 
Evin = Nhw/(e*!/T-1), (49.3) 
and the specific heat 
ho 2 eho /T 


Fig. 4 shows c,j as a function of T/ho. 
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At low temperatures (fw >> T) all these quantities tend exponentially to 


Zero: 
Soest as ae —ho /T 


Cyip = (fiw/T)*e-Fo!T. 
At high temperatures (fi « T) we have 
Fyi, = —NT log T+NT log (hw)—N: tho, (49.6) 
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corresponding to a constant specific heat c,,, = 1t and a chemical constant 
cyin = —log (fiw). Adding these to the values (47.11), (47.12), we find that 
at temperatures T’ >> hw the total specific heat of a diatomic gas ist 


c, = 7/2, Cy = 9/2, (49.7) 
and the chemical constant is 
_ (2)I m\ 3/2 ; 
Sip E: (z) | (49.8) 


the factor (2) must be omitted for molecules consisting of like atoms. The 
first two terms in the expansion of E,,, are 


Evin = NT—4Nho. (49.9) 


The constant term —4Nfw appears here because the energy is measured from 
the lowest quantum level (i.e. from the energy of the “zero-point” vibra- 
tions), whereas the classical energy would have to be measured from the 
minimum of the potential energy. 

The expression (49.6) for the free energy can also be derived classically, of 
course, since for T>> fw the important quantum numbers »v are the large 
ones, where the motion is quasi-classical. The classical energy of small oscilla- 
tions of frequency is 

p? 
2m’ 


Evin(P, 7) = = +4m'wg?, 
where m’ is the reduced mass. The integration with this expression for é gives 
for the partition function 


Zyib = aah | | en *vin/T dp dq = T/ho, (49.10) 


—co +390 


which corresponds to (49.6)!!; owing to the rapid convergence of the integral, 
the integration with respect to q may be taken from — © to o, 

At sufficiently high temperatures, when vibrations with large v are excited, 
the anharmonicity of the vibrations and their interaction with the rotation of 
the molecule may become important. These effects are in principle of the same 
order of magnitude. Since v is large, the corresponding correction to the 
thermodynamic quantities may be determined classically. 

Let us consider a molecule as a mechanical system of two particles inter- 
acting in accordance with the law U(r) in a co-ordinate system in which their 
centre of mass is at rest. The energy (Hamiltonian) which gives a precise 

t Again in accordance with the classical results of §44. 

t As Fig. 4 shows, C,;» actually approaches its limiting value of 1 when 7 = fiw; for 


T/fw = 1, c,,, = 0.93. As a practical condition for the applicability of the classical ex- 
pressions we may write T » ha/3. 


|| The same result is obtained on replacing the summation over » by an integration. 
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classical description of the rotation and vibrations of the system is the sum 
of the kinetic energy (the energy of a particle with the reduced mass m') and 
the potential energy U(r). The partition function, after integration over the 


momenta, reduces to an integral over the co-ordinates: fe UMIT AV, and 


after integration over the angles (in spherical polar co-ordinates) there 
remains the integral 


| e~ U)ITy? dr, 


0 
The approximation corresponding to independent harmonic vibrations and 
rotation of the molecule is obtained by putting U(r) = Uot4m'w*(r—ro)’ and, 
in the integration, replacing the slowly varying factor r? by ro2, where ro is the 
equilibrium distance between the two particles: Uo = U(ro). In order to take 
into account the anharmonicity of the vibrations and their interaction with 
the rotation we now write 


U(r) = Uo+4m’wrr X(E2—ab* + BE), (49.11) 


where & = r/ro—1, and « and f are constants', and then expand the whole 
integrand in powers of é, separating the factor exp {- (Uo +4m'w?r,?E") /T}. In 
the expansion, only those terms need be retained which after integration give 
the highest and next highest powers of the temperature; the integration over 
E is taken from — < to <o. The zero-order term in the expansion gives the 
usual value of the partition function, and the remaining terms give the 
required correction. Omitting the calculations, we shall state the final result 
for the correction to the free energy: 

Pick NTs }} re Apt. (49.12) 
Thus the anharmonicity of the vibrations and their interaction with the rota- 
tion give a correction to the free energy which is proportional to the square of 
the temperature. Accordingly the specific heat has a further term proportional 
to the first power of the temperature. 


§50. Diatomic gases. The effect of the electronic angular momentum 


Some types of molecule, though not many, have a non-zero orbital angular 


momentum or spin in their electronic ground state. 
The presence of a non-zero orbital angular momentum A causes a twofold 


degeneracy of the electronic term, corresponding to the two possible directions 


t These constants can be expressed in terms of the spectroscopic constants of the mole- 
cule; see Quantum Mechanics, §82. 
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of this angular momentum with respect to the axis of the molecule.‘ This 
affects the thermodynamic quantities: because of the doubling of the par- 
tition function, a quantity 

Ca = log2 (50.1) 


is added to the chemical constant. 

The presence of a non-zero spin S causes a splitting into 2.S+1 levels, but 
the intervals in this fine structure are so small (when A = 0) that they can 
always be neglected in calculating the thermodynamic quantities. The pres- 
ence of the spin simply increases the degree of degeneracy of each level bya 
factor 2S+1, and so the chemical constant is increased by 


ty = log (2S+1). (50.2) 


The fine structure which occurs when S # 0, A # 0 requires special con- 
sideration. Here the fine-structure intervals may reach values which have to be 
taken into account in calculating the thermodynamic quantities. We shall 
derive the formulae for the case of a doublet electron term.t Each component 
of the electron doublet has its vibrational and rotational structure, the para- 
meters of which may be regarded as the same for each component. The 
partition function (47.2) therefore contains a further factor 


Ze = 80+g1e~—4!7, 


where go, g1 are the degrees of degeneracy of the components of the doublet, 


and A their separation. The free energy must accordingly contain an “electronic 
part”’ 


Fe, = —NT log (go+ g1e—4!7). (50.3) 


We may also give the “electronic”’ specific heat which must be added to the 
other parts of the specific heat: 


ie (A/T)? 
“oT Gelade TIE + Gilene a7] * (50.4) 


In the limits T + 0 and T— o, Ca is of course zero, and it has a maximum 
at some temperature T ~ 4. 


t Strictly speaking, the term is split into two levels (A-doubling), but the separation 
between these is so small that it may be entirely neglected here. 

t This case occurs for NO; the electronic ground state of the NO molecule is the doublet 
TTj2, 32 With width 4 = 178°. Each component of the doublet is doubly degenerate. 

An unusual case occurs for oxygen. The electronic ground state of the O, molecule is a 
very narrow triplet *Z, the width of which may be neglected, but it happens by chance that 
the next (excited) state 14 (doubly degenerate) is relatively near, at 4 = 11,300°, and at 


high temperatures it may be excited, with a consequent effect on the thermodynamic 
quantities. 
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PROBLEM 


Determine the correction to the free energy for oxygen due to the first excited electronic 
state of the O, molecule (see the last footnote). The temperature is large compared with 
the vibrational quantum, but small compared with the distance 4 between the ground 
state 3X and the excited state 14. 


SOLUTION. The partition function is 


T TI. aT TY 
Z=3--=— —— 

Sia Tete i HE? 

where the two terms on the right are the partition functions for the ground and excited 
states, each of which is the product of electronic, vibrational and rotational factors. The 
required correction to the free energy is therefore 
2org? _ajr 


F, = -—NT log (14+5S8 56 ) xz —NT 


. 2wre”? e7 4/t 
3a’ ro? 


> 


where @, ro, @’, ro are the frequencies and equilibrium distances between the nuclei in the 
ground and excited electronic states. 


§51. Polyatomic gases 


The free energy of a polyatomic gas, like that of a diatomic gas, can be 
written as the sum of translational, rotational and vibrational parts. The trans- 
lational part, as before, is characterised by values of the specific heat and 
chemical constant 

Cy = 3/2, Cy = (3/2) log (m/27h?). (51.1) 

Owing to the large moments of inertia of polyatomic molecules (and the 
corresponding smallness of their rotational quanta) their rotation may always 
be treated classically.t The polyatomic molecule has three rotational degrees 
of freedom and three principal moments of inertia 11, Je, J3, which are in 
general different; its kinetic energy of rotation is therefore 

2 2 2 
Erot = aed ie (51.2) 


where &, 7, € are co-ordinates in a rotating system whose axes coincide with 
the principal axes of inertia of the molecule; for the present we disregard 
the special case of molecules consisting of collinear atoms. This expression is 
to be substituted in the partition function 


Zrot = | em *rot!/T dt ot, (51.3) 


where 


1 ; 
dtrot = (nh) dM: dM, dM; dg: d¢d, d@e, 


t Rotation quantisation effects would be observable only in methane CH,, where they 
should occur at temperatures of about 50°K; see the Problem at the end of this section. 
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and the prime denotes, as usual, that the integration is to be taken only over 
the physically different orientations of the molecule. 

If the molecule has axes of symmetry, rotations about these axes leave the 
molecule unchanged, and amount to an interchange of identical atoms. It is 
clear that the number of physically indistinguishable orientations of the mole- 
cule is equal to the number of possible different rotations about the axes of 
symmetry, including a rotation through 360° (the identical transformation). 
Denoting this number’ by o, we can take the integration in (51.3) simply over 
all orientations and divide by o. 

In the product dé, dd, dd, of three infinitesimal angles of rotation, 
dg, dd, may be regarded as an element do, of solid angle for directions of the 
¢-axis. The integration over o, is independent of that over rotations d¢, 
about the ¢-axis, and gives 4%. The integration over $, gives a further 27. 
Integrating also over M,., M,, M, from — to , we finally have 


Z, (2nT)3!2(TJoIs)t2 = (2T)3/2(tT I oI) !!2/oh?. 


8a? 
ot o(2xnhys 
Hence the free energy is 


g (821 vi ol: 3) 12 


3 
F = —5 NT log T—NT log 


(51.4) 


Thus we have for the rotational specific heat, in accordance with §44, 


Crot = 3/2, (51.5) 
and the chemical constant is 
821 1ol3)1/2 
boot = log Gailats)”™ | (51.6) 


For a linear molecule, i.e. one where all the atoms are collinear, there are, 
as in the diatomic molecule, only two rotational degrees of freedom and one 
moment of inertia J. The rotational specific heat and the chemical constant 
are, as in a diatomic gas, 

Coot =k, — Srot = log (21/oh?), (31.7) 
where o = 1 for an asymmetric molecule (such as NNO) and o = 2 for a 
molecule symmetrical about its midpoint (such as OCO). 

The vibrational part of the free energy of a polyatomic gas is calculated 
in a similar way to that for a diatomic gas, given above. The only difference 
is that a polyatomic molecule has not one but several vibrational degrees of 
freedom: a non-linear molecule of n atoms clearly has vip = 3n—6 vibra- 
tional degrees of freedom, while for a linear molecule of 2 atoms lyin = 
3n—5 (see §44). The number of vibrational degrees of freedom determines 


t For instance, in H,O (an isosceles triangle) 0 = 2, in NH (an equilateral triangular 
pyramid) a = 3, in CH, (a tetrahedron) ¢ = 12, and in C,H, (a regular hexagon) o = 12. 
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the number of normal modes of vibration of the molecule, to each of which 
there corresponds a frequency , (the suffix « numbering the normal modes). 
It must be remembered that some of the frequencies w, may be equal, in 
which case the frequency concerned is said to be degenerate. 

In the harmonic approximation, where the vibrations are assumed small 
(only temperatures for which this is so will be considered), all the normal 
modes are independent, and the vibrational energy is the sum of the energies 
of the individual modes. The vibrational partition function therefore falls 
into a product of partition functions of the individual modes, and the free 
energy F,,, is a sum of expressions of the type (49.1): 


Fyip = NT Y log (1—e7*"7). (51.8) 


Each frequency appears in this sum a number of times equal to its degeneracy. 
Similar sums are obtained for the vibrational parts of the other thermody- 
namic quantities. 

Each of the normal modes gives, in its own classical limit ([ >> fiw,), a 
contribution c,;, = 1 to the specific heat; for T greater than the greatest 
ho, we should obtain 

Cyib = Tvib- (51.9) 


In practice, however, this limit is not reached, since polyatomic molecules 
usually decompose at considerably lower temperatures. 

The various frequencies @, for a polyatomic molecule generally range over 
a very wide interval. As the temperature increases, the various normal modes 
successively contribute to the specific heat. In consequence the specific heat 
of polyatomic gases may often be regarded as approximately constant over 
fairly wide intervals of temperature. 

We may mention the possibility of a curious change from vibration to 
rotation, an instance of which is afforded by the ethane molecule CoH. This 
molecule consists of two CH groups at a certain distance apart and oriented 
in a certain way to each other. One of the normal vibrations of the molecule is 
a “torsional” vibration, in which one of the CHs groups is twisted relative to 
the other. As the energy of the vibrations increases, their amplitude increases 
and ultimately, at sufficiently high temperatures, the vibration becomes a free 
rotation. The contribution of this degree of freedom to the specific heat, 
which is approximately 1 when the vibrations are fully excited, therefore 
begins to decrease as the temperature increases further, approaching asymptot- 
ically the value + typical of a rotation. 

Finally, it may be mentioned that, if the molecule has a non-zero spin S 
(for example, the molecules NOz and ClO), the chemical constant includes 


a term 
Cs = log QS+1). (51.10) 
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PROBLEM 


Determine the rotational partition function for methane at low temperatures. 


SOLUTION. As already mentioned in the first footnote to this section, a quantum cal- 
culation of Z,.¢ for methane is required at sufficiently low temperatures. 

The CH, molecule is a tetrahedron of the spherical-top type, and so its rotational levels 
are h?J(J+-1)/2I, where I is the common value of the three principal moments of inertia, 
and J the rotational quantum number. Since the spin i of the H nucleus is 4, and that of 
the C'* nucleus is zero, the total nuclear spin of the CH, molecule may be 0, 1 or 2, the 
corresponding nuclear statistical weights being 1, 3 or 5.t For any given value of J there are 
definite numbers of states corresponding to values of the total nuclear spin. The following 
table gives these numbers for the first five values of J. 


Nuclear spin 1 2 
J=0 - - 1 

1 - 1 - 

z 2 1 - 

3 - 2 1 

4 2 2 1 


The value of the sum Z,., which is obtained by taking into account the total degree of 
degeneracy with respect to orientations of the rotational angular momentum and nuclear 
spin must be divided by 16 if the entropy is to be measured from the value log (2i+1)* = 
log 16 (cf. the second footnote to §48). The result is 

9 25 77 117 


5 
= 4 ec hit 4 eon /IT 4 p—onzIT 4 e-10RITL 
nrot 16°16 ° +76¢ +76 ¢ +76 ¢ + 


t See Quantum Mechanics, §105, Problem 5. 
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THE FERMI AND BOSE DISTRIBUTIONS 


§52. The Fermi distribution 


IF THE temperature of an ideal gas (at a given density) is sufficiently low, 
Boltzmann statistics becomes inapplicable, and a different statistics must be 
devised, in which the mean occupation numbers of the various quantum states 
of particles are not assumed small. 

This statistics, however, differs according to the type of wave functions by 
which the gas is described when regarded as a system of N identical particles. 
These functions must be either antisymmetrical or symmetrical with respect 
to interchanges of any pair of particles, the former case occurring for particles 
with half-integral spin, and the latter case for those with integral spin. 

For a system of particles described by antisymmetrical wave functions, 
Pauli’s principle applies: in each quantum state there cannot simultaneously 
be more than one particle. The statistics based on this principle is called 
Fermi Statistics, or Fermi-Dirac statistics." 

As in §37, we shall apply the Gibbs distribution to the set of all particles 
in the gas which are in a given quantum state; as already mentioned in §37, 
this may be done even if there is an exchange interaction between the particles. 
We again denote by 2, the thermodynamic potential of this set of particles; 
by the general formula (35.3), 


Q, = —T log ¥ (e4—)/T)re, (52.1) 
Nk 


since the energy of n, particles in the kth state is just n,¢,. According to 
PAULI!’s principle, the occupation numbers of each state can take only the 
values 0 and 1. Hence 


2, = —T log (1+e4-%T), 


Since the mean number of particles in the system is equal to minus the 
derivative of the potential 2 with respect to the chemical potential uw, the 
required mean number of particles in the kth quantum state is here obtained 


tIt was proposed by FERMI for electrons, and its relation to quantum mechanics was 
elucidated by Dirac (1926). 
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as the derivative 
= 02; e(4—2)T 

Ou 1peenalF? 
or finally 

— 1 

2, = ee-aiT4]° (52.2) 
This is the distribution function for an ideal gas obeying Fermi statistics, 
which for brevity will be called a Fermi gas. When e'“-/T <1 it tends 
to the Boltzmann distribution function, as it should.t 

The Fermi distribution is normalised by the condition 


1 
x seam = N, (52.3) 
where N is the total number of particles in the gas. This equation implicitly 
determines the chemical potential as a function of T and N. 
The thermodynamic potential Q of the gas as a whole is obtained by sum- 
mation of 92, over all quantum states: 


Q = —TY log (1+e4-%)/T), (52.4) 
f 


§53. The Bose distribution 


Let us now consider the statistics obeyed by an ideal gas consisting of 
particles described by symmetrical wave functions, namely Bose statistics or 
Bose-Einstein statistics.t 

The occupation numbers of the quantum states when the wave functions 
are symmetrical are unrestricted and can take any values. The distribution 
function may be derived as in §52; we put 


Q, = —-T log y (e(4—ex)/2)ne | 


ngp=0 


This geometric progression is convergent only if e“-%/T <1, Since 
this condition must be satisfied for all €,, including e, = 0, it is clear that 


we must certainly have 
<0. (53.1) 


t In Boltzmann Statistics, the expression (52.1) must be expanded in powers of the small 
quantity e(“—*2)/?; the first term of the expansion is 


Q,= - Te(u—ex)iT, 


whence differentiation with respect to # again gives the Boltzmann distribution formula. 
¢ This was introduced by Bose for light quanta, and generalised by EINSTEIN (1924). 
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Thus in Bose statistics the chemical potential is always negative. In this 
connection it may be recalled that in Boltzmann statistics the chemical poten- 
tial is always negative, and large in absolute value; in Fermi statistics, may 
be either negative or positive. 

Summation of the geometric progression gives 


Q, = T log (1 —el4- IT), 
Hence we find the mean occupation numbers n, = —02,/0p: 


— 1 

np= er T — 1 ° (53.2) 
This is the distribution function for an ideal gas which obeys Bose statistics 
(or, as we shall call it for brevity, a Bose gas). It differs from the Fermi 
distribution function in the sign of unity in the denominator. Like that func- 


tion, it tends of course to the Boltzmann distribution function when ele eT 
< 1. The total number of particles in the gas is given by the formula 

N= ae SO 53.3 

- 2 e(&-#)/T— J 9 ( . ) 


and the thermodynamic potential Q of the gas as a whole is obtained by 
summation of 2, over all quantum states: 


Q= TY log 1—e@- 7). (53.4) 
R 


§54. Fermi and Bose gases not in equilibrium 


As in §40, we can calculate the entropy also for Fermi and Bose gases not in 
equilibrium, and again derive the Fermi and Bose distribution functions from 
the condition that the entropy is a maximum. 

In the Fermi case there can be no more than one particle in each quantum 
state, but the numbers N; are not small, and are in general of the same order 

of magnitude as the aainbers G;. (The notation is as in §40.) 

The number of possible ways of distributing N, identical particles among 
G; states with not more than one particle in each is just the number of ways 
of selecting N; of the G, states, ie. the number of combinations of G; things 
N; at a time. Thus 


Taking the logarithm of this expression and using for the logarithm of each 
factorial the formula log N! = N log (N/e), we find 


S= DAG; log G;—N; log N;—(Gj—-Nj) log (G;—N))}- (54.2) 
4 


§54 Fermi and Bose Gases Not in Equilibrium 147 


Again using the mean occupation numbers of the quantum states, n; = N,/G;, 
we finally have the following expression for the entropy of a Fermi gas not in 
equilibrium: 
S = —)G;[n; log n;+(1 —n;) log (1—n))]. (54,3) 
j 


From the condition for this expression to be a maximum according to 
(40.8) we easily find that the equilibrium distribution is given by the formula 


nj = 1/(e*+8s +1), 


which is the Fermi distribution, as it should be. 

Finally, for Bose statistics, each quantum state may contain any number of 
particles, so that the statistical weight AI’, is the total number of ways of 
distributing N; particles among G; states. This number ist 


AD; = (G;+Nj—1)!/(G;—1)!Nj}. (54.4) 


Taking the logarithm of this expression and neglecting unity in comparison 
with the very large numbers G,+N; and G,, we obtain 


S = S'{(G;+N)) log (G;+N;)—N; log Nj— G; log G;}. (54.5) 
J 


In terms of the numbers 7; we can write the entropy of a Bose gas not in 
equilibrium as 
S = ¥}G,[C +n;) log (1 +n;)—n; log n;). (54.6) 
i 


It is easily seen that the condition for this expression to be a maximum in 
fact gives the Bose distribution. 

The two formulae (54.2) and (54.5) for the entropy naturally tend, in the 
limiting case N,<G;, to the Boltzmann formula (40.3), and the statistical 
weights (54.1) and (54.4) for Fermi and Bose statistics tend to the Boltzmann 
expression (40.2); to see this, we must put G;! = (G,—N,)!Gy" i, (G;+N;—1)! 
= (G;- 1)!G 4, It must be remembered, however, that, in going to the limit, 
terms of order N?/G; are neglected in the statistical weights (as may easily be 


tThe problem is to find the number of ways of distributing N; identical balls among G; 
urns. Let us imagine the balls as a line of N; points, and number the urns; let us then ima- 
gine the latter to be separated by G;—1 vertical strokes placed at intervals along the line 
of points. For example, the diagram 


represents ten balls distributed among five urns: one in the first, three in the second, none 
in the third, four in the fourth and two in the fifth. The total number of places (occupied 
by points and strokes) in the line is G;+.N;—1. The required number of distributions of the 
balls among the urns is the number of ways of choosing G;—1 positions for the strokes, i.e. 
the number of combinations of N,;+ G;—1 things G;—1 at a time, and this gives the result 
(54.4). 
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verified), and these terms are not in general small; but when the logarithm 
is taken these terms give a correction to the entropy which is of the relatively 
small order N,/G;. 

Finally, we shall give a formula for the entropy of a Bose gas in the impor- 
tant limiting case where the number of particles in each quantum state is 
large (so that N; > G;, n; >> 1). We know from quantum mechanics that this 
case corresponds to the classical wave picture of the field. The statistical 
weight (54.4) becomes 

AD; =N§s-1/(G;—1)! (54.7) 
and the entropy is 
S= » G; log (eN;/G;). (54.8) 
j 


We shall make use of this formula in §65. 


§55. Fermi and Bose gases of elementary particles 


Let us consider a gas consisting of elementary particles, or of particles 
which under certain conditions may be regarded as elementary. As has 
already been mentioned, the Fermi or Bose distribution need not be used for 
ordinary atomic or molecular gases, since these gases are in practice always 
described with sufficient accuracy by the Boltzmann distribution. 

All the formulae derived in the present section are exactly similar in form 
for both Fermi and Bose statistics, differing only as regards one sign. The 
upper sign will always correspond to Fermi statistics and the lower sign to 
Bose statistics. 

The energy of an elementary particle is just the kinetic energy of its transla- 
tional motion, which is always quasi-classical. We therefore have 


é = (p,’+p,?+p/)/2m, (55.1) 


and in the distribution function we make the usual change to the distribution 
in the phase space of the particle. Here it must be borne in mind that, for a 
given value of the momentum, the state of the particle still depends on the 
orientation of its spin. Hence the number of particles in a volume element 
dp,, dp, dp, dV in phase space is found by multiplying the distribution (52.2) 
or (53.2) by 

g dt = g dp, dp, dp, dV /(2ah)”, 


where g = 2S+1 (S being the spin of the particle), giving 


gdt 


ee-“/T+] ° 2) 


dN = 


Integrating over V (which simply involves replacing dV by the total volume 
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V of the gas) we find the distribution fot the components Px» Py» Pz Of the 
particle momentum; using spherical polar co-ordinates in momentum space 
and integrating over angles, we find the distribution for the absolute magni- 
tude of the momentum: 


____8Vp* dp 
ON» = Sap MITE Ty’ ee 


where ¢ = p?/2m, or the energy distribution 


gVml2 == 4/ede 


GN. = pie eR ITEL 


(55.4) 
These formulae take the place of the classical Maxwellian distribution. 

Integrating (55.4) with respect to ¢, we obtain the total number of particles 
in the gas: 


_ gb? /é de 
~ 2QUeyeHs | ele—w T+] ° 
0 


N 


In terms of a new variable of integration z = ¢/T, this equation can be written 


N _ g(mT)? (zz 
V ~ peeps | e-e1T HEI 
0 


(55.5) 


This formula implicitly determines the chemical potential u of the gas as a 
function of its temperature T and density N/V. 

With the same change from summation to integration in formulae (52.4), 
(53.4), we find for the potential 2 the expression 


T; 3/2 e 
Q= + aa | Vere (lte%—9/T) de, 


0 
Integration by parts gives 


Q= 


> gVm!2 r 3/2 
gVm | E32 de (55.6) 


3 24eHs | eC WITLI * 
0 


This expression is the same, apart from the factor —, as the total energy of 


the gas, 
7 . _ g Vm? ~ 3/2 de 
Em | dN, = Srmags ee-mMIT+] (55.7) 
0 
Since 2 = —PV, we have therefore 


PV = 3E. (55.8) 
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This result is exact, and so must hold good in the limiting case of a Boltz- 
mann gas also; and in fact, on substituting the Boltzmann value E = 3NT/2, 
we obtain CLAPEYRON’S equation. 

From formula (55.6), substituting «/T = z, we obtain 


Q = —PV = VT5f(u/T), (55.9) 


where f is a function of a single variable, i.e. 2/V is a homogeneous function 

of order 5/2 in u and T.' Hence 

ee 
V Nor) VV Nat) py 


are homogeneous functions of order 3/2 in wu and T, and their ratio S/N is a 
homogeneous function of order zero, i.e. S/N = $(u/T). Hence we see that 
in an adiabatic process (S = constant) the ratio u/T remains constant, and 
since N/VT®'2 is also a function of «/T only we have 


VT?/2 = constant. (55.10) 
Then (55.9) shows that 
Pv5!3 = constant, (55.11) 


and also T*/2/P = constant. These equations are the same as that of the 
Poisson adiabatic (43.9) for an ordinary monatomic gas, but it must be 
emphasised that the exponents in (55.10), (55.11) are here unrelated to the 
ratio of specific heats, since the relations c,/c, = 5/3 and c,—c, = 1 are 
not valid. 

Formula (55.6), in the form 


oe g + 2U2y3/275/2 e 23/2 dz 
= 3702h3 


0 


ara (55.12) 


together with (55.5) determines the equation of state of the gas (in parametric 
form, with parameter yj), i.e. the relation between P, V and T. In the limiting 
case of a Boltzmann gas (e“/7 «< 1) these formulae give CLAPEYRON’s equa- 
tion, as they should. We shall show this by means of a calculation which also 
gives the first correction term in the expansion in the equation of state. 

For e“/? < 1 we expand the integrand in (55.12) as a series of powers of 


t If the energy is calculated from (55.9) as 
E = Nut+TS—PV = — p02/0u—T 02/0T+2, 


we again obtain (55.8). 
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e4/T-2 and, retaining only the first two terms, obtain 


co 


- zi2 
| 2 a = [ Prewtsagertt—9 dz 
ete 


0 0 


1 
= a Ven TS 558 e""). 


Substitution in (55.12) gives 


gVm3!273!2 


(221)9?h8 ne 


—— = — ___ pu/T 
Q=~—PV=— F 558 2 ). 
If only the first term of the expansion is retained, we obtain precisely the 
Boltzmann value of the chemical potential of a monatomic gas (formula 
(45.5), where g = 1). The next term gives the required correction, so that we 
can put 


3/275 /2 
620.48 aun (55.13) 


lénseys © 


But the small additions to all the thermodynamic potentials (expressed in 
terms of the appropriate variables; see (24.16)) are the same. Hence, express- 
ing the correction term in 2 in terms of T and V (which can be done to the 
same accuracy by means of the Boltzmann expressions), we obtain immedi- 
ately the correction to the free energy: 


3/2 243 
il (55.14) 


Finally, differentiating with respect to volume, we obtain the required equa- 
tion of state: 


m3!2 NAS 
= xe i cedegpent dates 
BM nr| 1+ 2g Tent | 


(55.15) 
The condition for the correction term in this formula to be small is naturally 
the same as the condition (45.6) for Boltzmann statistics to be applicable. 
Thus we see that the deviations of an ideal gas from classical properties, 
occurring when the temperature is lowered at constant density (the gas then 
being said to become degenerate), cause in Fermi statistics an increase in 
pressure as compared with its value in an ordinary gas; we may say that in 
this case the quantum exchange effects lead to the occurrence of an additional 
effective “repulsion’’ between the particles. 

In Bose statistics, on the other hand, the value of the gas pressure changes 
in the opposite direction, becoming less than the classical value; we may say 
that here there is an effective “attraction’”’ between the particles. 
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§56. A degenerate electron gas 


The study of the properties of a Fermi gas at sufficiently low temperatures 
is of fundamental significance. As we shall see below, the temperatures con- 
cerned may in practice be very high in other respects. 

In what follows we shall discuss an electron gas, with a view to the most 
important applications of Fermi statistics. For electrons, g = 2, but we shall 
avoid substituting this value in the formulae, so that the results will be 
directly applicable to other cases also. 

Let us first consider an electron gas at a temperature of absolute zero (a 
completely degenerate Fermi gas). In such a gas, the electrons will be distrib- 
uted among the various quantum states so that the total energy of the gas has 
its least possible value. Since no more than one electron can be in each 
quantum state, the electrons occupy all states with energies from the least 
value (zero) to some greatest value which depends on the number of electrons 
in the gas. 

The number of quantum states of translational motion of a particle with 
absolute magnitude of momentum in the interval from p to p+dp is 
4ap? dp- V/(2xh)*. Multiplying this by g, we obtain the total number of quan- 
tum states with such momenta: 


gVp? dp/2n?h'. (56.1) 


The number of electrons occupying all states with momenta from zero to 
some Po is therefore 
Po 


V, 3 
We gV [eran =§ Po 


2h 672h ” 


0 


whence the limiting momentum p, is given by 


6702 \ 1/3 /N\ 1/3 
ey (eels as 56.2 
mo (E)"G)" oo 
and the limiting energy by 
Po (Sa 1 (NVI 56.3 
0-3 -(F) am\V} ~ oe) 


This energy has a simple thermodynamic significance. In accordance with 
the foregoing discussion, the Fermi distribution function over quantum states, 


1 


TTT (56.4) 
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tends to unity as T + 0 for all « < yw and to zero for ¢ > p, as shown by the 
continuous line in Fig. 5. Hence we see that the chemical potential of the gas 
at absolute zero is the same as the limiting energy of the electrons: 


bb = &. (56.5) 


Fic. 5 


The total energy of the gas is obtained by multiplying the number of 
states (56.1) by p?/2m and integrating over all momenta: 


Do 
ee BP ak BV DG 
~ 4mrehs [? oP = S0mn A” 
0 
or, substituting (56.2), 


3 /6702\ 2/3f2 /N\ 2/3 
E=— (=) - (7) N. (56.6) 
Finally, from the general relation (55.8) we find the equation of state of the 
gas: 
1 /622\ 2/342 (/N\ 5/3 
P== (=) ~ (7) . (56.7) 


Thus the pressure of a Fermi gas at absolute zero is proportional to the 5/3 
power of its density. 

Formulae (56.6), (56.7) are approximately valid also at temperatures which 
are sufficiently close to absolute zero (for a given gas density). The condition 
for them to be applicable (for the gas to be “strongly degenerate”’) is clearly 
that T should be small in comparison with the limiting energy fo: 


T <(h2/m)\(N/V)2/. (56.8) 


This condition is, as we should expect, the opposite of the condition (45.6) for 
Boltzmann statistics to be valid. The temperature defined by the relation 
I, = &, is called the degeneracy temperature. 

A degenerate electron gas has the peculiar property that it increasingly 


approaches the “ideal gas”’ state as its density increases. This is easily seen as 
follows. 
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Let us consider a gas consisting of electrons and a corresponding number 
of positively charged nuclei which balance the charge on the electrons; a gas 
composed of electrons alone would obviously be entirely unstable, but we 
have not mentioned the nuclei hitherto, because the assumption of ideal-gas 
properties means that the presence of the nuclei does not affect the thermo- 
dynamic quantities for the electron gas. The energy (per electron) of the 
Coulomb interaction between the electrons and the nuclei is of the order of 
Ze?/a, where Ze is the nuclear charge and a ~ (ZV/N)"% is the mean distance 
between the electrons and the nuclei. The condition for an ideal gas is that 
this energy should be small compared with the mean kinetic energy of the 
electrons, which in order of magnitude is equal to the limiting energy ¢9. The 
inequality Ze?/a<« e,, after the substitution of a ~ (ZV/N)"%and the ex- 
pression (56.3) for &9, gives the condition 

N/V > (e?m/h?)3Z?. (56.9) 
We see that this condition is more nearly met as the density N/V of the gas 
increases.* 
PROBLEM 

Determine the number of collisions with a wall in an electron gas at absolute zero 
(taking g = 2). 

SOLUTION. The number of electrons per unit volume with momenta in the interval dp 
at an angle to the normal to the wall in the interval d@ is 2-27 sin 6 dé p? dp/(2xh)*. The 


required number of collisions » (per unit area of wall) is obtained by multiplying by wv cos 8 
(v = p/m) and integrating with respect to 0 from 0 to 4a and with respect to p from 0 to 


Po. The result is 
ae 3(3202)1/3 h (z" 
~ 16 m\V/) ° 


§57. The specific heat of a degenerate electron gas 


At temperatures which are low compared with the degeneracy temperature 
T,, the distribution function (56.4) has the form shown by the broken line in 
Fig. 5: it is appreciably different from unity or zero only in a narrow range of 
values of the energy « close to the limiting energy &¢9. The width of this “tran- 
sition zone’”’ of the Fermi distribution is of the order of T. 

The expressions (56.6), (56.7) are the first terms in the expansions of the 
corresponding quantities in powers of the small ratio 7/T>. Let us now 
determine the next terms in the expansions. 

Formula (55.6) involves an integral of the form 


=, Sf(e) de 
~ | ee=wIT HT? 

0 

t The degeneracy temperature corresponding to the electron gas density (e7m/fi?)°Z? is 
40Z4/3 eV = 0.5X10°Z4/8 degrees. 


I 
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where /(e) is a function such that the integral converges; in (55.6), f(e) = 63/2. 
We transform this integral by the substitution e—y = Tz: 


pa (FUtT?) 7 ge 
e=+1 
—HuIT 
7-22) ae yp [FUATD 4 


enz4 e+1 
0 
In the first integral we put 1/(e~7+1) = 1—1/(e?+1), obtaining 


_ [i je_T u-T2) 7 cor SP ‘e 
0 0 


ett]. zt] 


In the second of these integrals we replace the upper limit by infinity, sinc 
u/T > 1 and the integral is rapidly convergent.‘ This gives 


= [fosetr Ravn fet dz 


0 


We now expand the numerator of the second integrand as a Taylor series of 
powers of z and integrate term by term: 


d 
=| fle) de+ 27°F (qu) [: ze 
d 
+3T9"'(u) i 2o 5 + 


Substituting the values? of the integrals, we have finally 
f 2 Tat 
I= [x0 de +27 Fu) +5 T4f'"(u)+.... (57.1) 


t This amounts to neglecting exponentially small terms. It must be remembered that the 
expansion (57.1) derived below is an asymptotic, not a convergent, series. 
} Integrals of this type are calculated as follows: 


oo 


0 


n=0 n=l 


= (1-2'-4)I(x) La 4, 
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The third term in the expansion is given for reference; it will not be needed 


here. 
Putting f = e*? in formula (57.1) and substituting in (55.6), we obtain the 
required next term in the expansion of the potential 2 at low temperatures: 


O= Qo— VT? SM EH? 


7) ae (57.2) 


where {29 denotes the value of 2 at absolute zero. 
Regarding the second term as a small correction to 2 and expressing pu in 
it in terms of T and V by means of the “zero-order approximation”’ (56.5), 
we can immediately write down an expression for the free energy (according 
to (24.16)): 
F = Fo—3$BNT*(V/N)P4, (57.3) 


or 
e’ t 1 a 
0 


oO 


where C(x) = »y 1/n* is the Riemann zeta function. 


n=1 
For x = 1, the expression (1) becomes indeterminate; the value of the integral is 


oo 


dz 
| arr = 'o82 2) 


0 
For x an even integer (= 27) the zeta function can be expressed in terms of the Bernoulli 
numbers B,,: 


2O 


zen dz Jan-1l_ 4 
| 71.) 
i] =F ee (3) 
0 
The following integrals are calculated similarly: 
zt-1d 
{=F = Tew @ >». (4) 
0 
For x an even integer (= 2n), 
f z-1dz — (27)™B, 
} e*—1 4n (5) 


0 
For reference we shall give the values of the first few Bernoulli numbers and of some 
zeta functions: 
B, = 1/6, B, = 1/30, B, = 1/42, B, = 1/30; 
2(3/2) = 2.612, €(5/2) = 1.341, €(3) = 1.202, 
6(5) = 1.037, I'/2) = 4/2, I(5/2) = 3x. 
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using for brevity the notation 


_ gn 2/3 m 
B= () 7 (57.4) 
Hence we find the entropy 
S = BNT(VIN)28, (57.5) 
specific heat? 
C = BNT(V/N 28, (57.6) 


and energy of the gas: 
E = Eot+4BNT2?(V/N)2!8 


= Eo[1 +0.0713g¢4/3(mT/h2)%(V/N)43]. (57.7) 


Thus the specific heat of a degenerate Fermi gas at low temperatures is 
proportional to the temperature. 


§58. A relativistic degenerate electron gas 


As the gas is compressed, the mean energy of the electrons increases (€ 
increases); when it becomes comparable with mc?, relativistic effects begin to 
be important. Here we shall discuss in detail a completely degenerate extreme 
relativistic electron gas, the energy of whose particles is large compared with 
mc?, In this case the relation between the energy and momentum of a particle 
is 

€ = cp. (58.1) 


The previous formulae (56.1) and (56.2) give the number of quantum states 
and hence the limiting momentum po. The limiting energy (i.e. the chemical 
potential of the gas) is now 

6922\ 1/3 N\ us 
£0 = Po = (=) hc (7) (58.2) 
The total energy of the gas is 


_ gv ( , gcpo* 
arehB [e dp = 3m 
0 
or 
602\ 113 N\ 13 
E=3 (=) hicN (7) (58.3) 


The gas pressure can be obtained by differentiating the energy with respect 
to the volume at constant entropy (equal to zero). This gives 


E 672\ 1/3 N\ 4/3 
P=3,=4 (=) hic (7) (58.4) 


t The suffix » or p to the specific heat is omitted, since C, and C, are the same in this 
approximation. We have seen in §23 that, if S tends to zero as JT" when T — 0, the difference 
C, — C, tends to zero as T**+}, and so in this case C,—C, ~ T°. 
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The pressure of an extreme relativistic electron gas is proportional to the 4/3 
power of the density. 
It should be mentioned that the relation 


PV =1E (58.5) 


is actually valid for an extreme relativistic gas not only at absolute zero but 
at all temperatures. This is easily seen by exactly the same method as that 
used to derive the relation (55.8), with the energy given by € = cp instead of 
é = p?/2m. With e = cp, formula (52.4) leads to the following expression 
for Q: 


co 


V 
= —ar | © log (1+el#-/T) de, 
0 
or, integrating by parts, 
_ eV r es de _ 
Q= -$ In2c3h3 | ee-MIT+] —4E. (98.6) 


0 


Thus the limiting value that the pressure of any macroscopic body can have 
for a given E (see §27) is reached for an extreme relativistic Fermi gas. 
Using the variable of integration z = «/T, we have 


= ~~ 6702c3%3 ez-vlT4 1° 


ore gVT4 f 2 dz 


0 
This shows that 


Q = VIf(u/T). (58.7) 


Hence, as in §55, we find that in an adiabatic process the volume, pressure and 
temperature of an extreme relativistic Fermi gas are related by 


PV4'3 = constant, VT? = constant, T+*/P = constant. (58.8) 


These are the same as the usual equation of the Poisson adiabatic with 
y = 4/3; but it must be emphasised that y here is not the ratio of the specific 
heats of the gas. 


PROBLEMS 


PROBLEM 1. Determine the number of collisions with a wall in an extreme relativistic 
completely degenerate electron gas.t 


SOLUTION. The calculation is as in §56, Problem; it must be remembered that the electron 
velocity v = c. The result is » = $cN/V. 


PROBLEM 2. Determine the specific heat of a degenerate extreme relativistic electron gas. 


T In all the Problems we put g = 2. 
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SoLuTion. Applying the formula (57.1) to the integral in (58.6), we find 


2 
a = 9,-“™ y. 


6(ch) 
Hence the entropy 
_ pe a (3222)?/8 (F)" 
ioe 3(ch)8 > 3ch a N 
and the specific heat 
_ (372)2/3 7 V 1/3 
cae 3ch (x) 


PROBLEM 3. Determine the equation of state of a relativistic completely degenerate 
electron gas (the electron energy and momentum being related by e? = c?p?+ m’c'), 


SOLUTION. The previous formulae (56.1) and (56.2) give the number of states and the 
limiting momentum po, and the total energy is 


Po 

Ve 

= saga | PPV Ont? +8) dp, 
0 


whence 
E = ois (vol 2pat + mics) (pot + mtct) — (mc) sink-"(po/me)}. 
The pressure P = —(0E/OV)s.~o is 
P= SaR {P0 (= Poe mict) V/ (p2+ m?c?) + (mc)* sinh \po/me)}. 
These formulae are conveniently put in parametric form, using as parameter the quantity 
€ = 4sinh~ (p,/mc). Then 
N/V = (me/h)?- (1/322) sinh? 2, 


P = (m'c®/32n°h?)(4 sinh é— a sinh 42+), 
E/V = (m‘c®/3272h?)(sinh €—&). 


§59. A degenerate Bose gas 


At low temperatures the properties of a Bose gas bear no resemblance to 
those of a Fermi gas. This is evident from the fact that for a Bose gas the 
state of lowest energy, occupied by the gas at T= 0, must be that with 
E = 0 (all the particles being in the quantum state « = 0), whereas a Fermi 
gas has a non-zero energy at absolute zero. . 

If the temperature of the gas is lowered at constant density N/V, the 
chemical potential » given by equation (55.5) (with the lower sign) will 
increase, i.e. its absolute magnitude will decrease (since py is negative). It 
reaches the value » = 0 at a temperature determined by the equation 


N_ g(mT)32 Pa/zdz 
Vi 23/223 | er@-1° 


0 


(59.1) 


The integral in (59.1) can be expressed in terms of the zeta function; see the 
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second footnote to §57. Denoting the required temperature by To, we obtain 


(59.2) 


0 et m\V 


_ 3.31 #? (7) 
For T < To, equation (55.5) has no negative solutions, whereas in Bose sta- 
tistics the chemical potential must be negative at all temperatures. 

This apparent contradiction arises because under the conditions in ques- 
tion it is not legitimate to go from the summation in formula (53.3) to the 
integration in (55.5): in this process the first term in the sum (with ¢, = 0) is 
multiplied by »/e = 0 and so disappears from the sum; but, as the tempera- 
ture decreases, more and more particles must occupy that state of lowest 
energy, until at T = 0 they are all in it. The mathematical effect of this is 
that, when the limit u — 0 is taken in the sum (53.3), the sum of all the terms 
in the series except the first tends to a finite limit given by the integral (55.5), 
but the first term (with ¢, = 0) tends to infinity. Consequently, by letting u 
tend not to zero but to some small finite value, we can make this first term 
in the sum take the desired finite value. 

In reality, therefore, the situation for T < To is as follows. Particles with 
energy ¢ > 0 are distributed according to formula (55.4) with p= 0: 


gml2V s/e de 


dN, a Filey_2Fs elt" (59.3) 
The total number of particles with energies « > 0 will thus be 
gV(mT)3/2 fa/z dz 
pea | ONe = “ouemags | ex—y — NOTIT op. 
0 
The remaining 
Ne=zq = N[1—(T/To)?/2] (59.4) 


particles are in the lowest state, i.e. have energy « = 0.t The energy of the gas 
for T < To is, of course, determined only by the particles with e > 0; putting 
u = 0 in (55.7), we have 


E= gV(mT)32T r z3l2 dz 
DUR BRS ev—1 ° 


0 


This integral reduces to £(5/2) (see the second footnote to §57), and we obtain 


E = 0.770NT(T/T»)3!2 
= 0.128 ¢(m3/2TSI2 43) V. (59.5) 


t The steady increase of particles in the state with e = 0 is often called Bose—Einstein 
conde asation. It should be emphasised that this refers only to “condensation” in momentum 
Space; no condensation actually occurs in the gas, of course. 
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The specific heat is therefore 
C, = 5E/2T, (59.6) 


i.e. is proportional to T*. Integration of the specific heat gives the entropy: 


S = 5E/3T, (59.7) 
and the free energy is 
F = E~TS = —3E. (59.8) 


This is obvious, since for uy = 0 


F = @~—PV = Nut+2=2. 
The pressure is 
P = —(OF/OV)z7 = 0.0851 gm3/2T32/h3. (59.9) 


We see that for T < To the pressure is proportional to T°” and is independent 
of the volume. This is the natural consequence of the fact that particles in a 
state with « = O have no momentum and make no contribution to the press- 
ure. 

At the point JT = Tp itself, all the above-mentioned thermodynamic quanti- 
ties are continuous, but it may be shown that the derivative of the specific 
heat with respect to temperature is discontinuous there (see the Problem). 
The curve of the specific heat itself as a function of temperature has a change 
in slope at J = Jo, and the specific heat has its maximum value there (equal 
to 1.28 X3N/2). 


PROBLEM 


Determine the discontinuity of the derivative (OC,/0T)y at T = To. 
SOLUTION. To solve this problem we must determine the energy of the gas for small 
positive T—T>. The equation (55.5) is identical with 


co 


gVmi2 1 1 
N = NoT)+ Sianags | |amrST -sr3| Ve de, 


0 


where N,(T) is given by (59.1). Expanding the integrand and using the fact that y is small 
near the point JT = Ty, and therefore the important part of the integral arises from the 
region where « is small, we find that the integral is equal to 


° de 
T | aera ~ MEN 


Substituting this value and then expressing yw in terms of N—No, we have 
22h’ (No—N\? 
1 BE Ct 
g?m TV 
To the same accuracy we can write 


aE _ _3 22 
Bb 
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whence 


E= Ey += Nott = Ey 


302% Me) 
2 = 


~ gm No ( TV 
where E, = E,(T) denotes the energy for « = 0, i.e. the function (59.5). The second deriva- 


tive of the second term with respect to temperature will clearly give the required disconti- 
nuity. The result of the calculation is 


OC.) 6at2h8 1 ON, \2 : 
4(3r), ptm V2 [No a) i Sie O0G IN Ta, 


The value of the derivative (OC,/8T), for T = T) —0 is, from (59.5), +2.89 N/T), and for 
T = T,+0 it is therefore —0.77 N/Tp. 


§60. Black-body radiation 


_ The most important application of Bose statistics relates to electromagnetic 
radiation which is in thermal equilibrium —called black-body radiation. Such 
radiation may be regarded as a “gas” consisting of photons. The linearity 
of the equations of electrodynamics expresses the fact that photons do 
not interact with one another (the principle of superposition for the electro- 
magnetic field), so that the “photon gas” is an ideal gas. Because the angular 
momentum of the photons is integral, this gas obeys Bose statistics. 

If the radiation is not in a vacuum but in a material medium, the condition 
for an ideal photon gas requires also that the interaction between radiation 
and matter should be small. This condition is satisfied in gases throughout 
the radiation spectrum except for frequencies in the neighbourhood of absorp- 
tion lines of the material, but at high densities of matter it may be violated 
except at very high temperatures. 

It should be remembered that at least a small amount of matter must be 
present if thermal equilibrium is to be reached in the radiation, since the 
interaction between the photons themselves may be regarded as completely 
absent.t The mechanism by which equilibrium can be established consists in 
the absorption and emission of photons by matter. This results in a very im- 
portant specific property of the photon gas: the number of photons N in it 
is variable, and not a given constant as in ordinary gas. Thus N itself must be 
determined from the conditions of thermal equilibrium. From the condition 
that the free energy of the gas should be a minimum (for given T and V), we 
obtain as one of the necessary conditions 0F/ON = 0. Since (OF, /ON) 7, y = bs 
this gives 

pu = 0, (60.1) 


i.e. the chemical potential of the photon gas 1S Zero. 


t Apart from the entirely negligible interaction which is due to the possible production 
of virtual electron-positron pairs. 
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The distribution of photons among the various quantum states with ener- 
gies €, = fow,, where the w, are the eigenfrequencies of the radiation in a 
given volume V, is therefore given by formula (53.2) with uw = 0: 


ny, = 1/(erx!/T—1). (60.2) 


This is called Planck’s distribution. 

Assuming that the volume is sufficiently large, we can make the usual 
change’ from the discrete to the continuous distribution of eigenfrequencies 
of the radiation. The number of modes of oscillation for which the compo- 
nents of the wave vector f lie in the intervals df,, df, df, is V df, df, df, /(27)°, 
and the number of modes for which the absolute magnitude of the wave 
vector lies in the range df is correspondingly V-4xf? df/(27)’. Using the fre- 
quency w = cf and multiplying by 2 (for the two independent directions of 
polarisation of the oscillations), we obtain the number of quantum states of 
photons with frequencies between m and w+ dw: 


Voo® dew /z?c3. (60.3) 


Multiplying the distribution (60.2) by this quantity, we find the number of 
photons in this frequency interval: 
Ve wdaw 


AN, = 5 Sey (60.4) 


and a further multiplication by fw gives the radiation energy in this segment 


of the spectrum: 
Vh widow 
dE. = nc3 eho/T _ |" (60.5) 
This formula for the spectral energy distribution of black-body radiation is 
called Planck’s formula (1900). In terms of the wavelength 4 = 2mc/o, it 
becomes 


l62?chV di 
dE, = 75 g2mhe|T?_]* (60.6) 
At low frequencies (Aa « T), formula (60.5) gives 
dE,, = V(T/7?c3)w? da. (60.7) 


This is the Rayleigh-Jeans formula. It should be noticed that formula (60.7) 
does not contain the quantum constant #, and can be derived by multiplying 
by 7 the “number of modes” (60.3); in this sense it corresponds to classical 
statistics, in which an energy T must correspond to each “vibrational degree 
of freedom’’— the law of equipartition (§44). 


t See The Classical Theory of Fields, §52. 
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In the opposite limiting case of high frequencies (Aw >> T), formula (60.5) 
becomes 
dE., = V(h/n?c?)w%e-he!T dep, (60.8) 
This is Wien’s formula. 
Fig. 6 shows a graph of the function x?/(e*— 1), corresponding to the distri- 
bution (60.5). 
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The “density” of the spectral frequency distribution of the energy of black- 
body radiation, dE,,/dw, has a maximum at a frequency o,,, given by 


fie, (T = 2.822. (60.9) 


Thus, when the temperature rises, the position of the maximum of the distri- 
bution is displaced towards higher frequencies in proportion to T (the 
displacement law).* 

Let us calculate the thermodynamic quantities for black-body radiation. 
For u = 0, the free energy is the same as 2 (since F = @—PV = Nu+2Q). 
According to formula (53.4), in which we put «4 = 0 and change in the usual 
way (by means of (60.3)) from summation to integration, we obtain 

F= Tos ow? log (1—e-**/T) da. (60.10) 
0 
With the new variable of integration x = hw/T, integration by parts gives 


T4 x3 dx 
37?hec3 | ex—1° 
0 
t The wavelength distribution “density” dE,/dA also has a maximum, but at a different 
value of the corresponding ratio: 22hc/TA,, = 4.965. Thus the maximum 4,, of the wave- 
length distribution is displaced in inverse proportion to the temperature. 


F=-V 
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The integral is equal to 24/15 (see the second footnote to §57). Thus 


= _V.nT4/45(hic)? 


If T is measured in degrees, the coefficient o (called the Stefan—Boltzmann 
constant) is 
o = 17k*/60hRc? 
= 5.67X 10-5 g/sec? deg’. (60.12) 


The entropy is 
S = —0F/0T = 160VT?/3c, (60.13) 


and is proportional to the cube of the temperature. The total radiation energy 
E = F+TSis 
E = 40VT4/c = —3F. (60.14) 


This expression could, of course, be derived also by direct integration of the 
distribution (60.5). Thus the total energy of black-body radiation is propor- 
tional to the fourth power of the temperature. This is Boltzmann’s law. 

For the specific heat of the radiation C, = (0E/0T), we have 


C, = 160T?V/c. (60.15) 

Finally, the pressure is 
= —(OF/O0V), = 40T*/3c, (60.16) 
PV = 4E. (60.17) 


Thus for a photon gas the same limiting value of the pressure is obtained as 
for an extreme relativistic electron gas (§58); this is as it should be, since the 
relation (60.17) is a direct consequence of the linear relation (e = cp) between 
the energy and momentum ofa particle. 

The total number of photons in black-body radiation is 


x23 


V w? dw *: VT? ( x2? dx 
eho/T_ J] 772¢3h3 | eX _]° 
0 0 


The integral can be expressed in terms of €(3); see the second footnote to 
§57. Thus 


TV y = 0.244(LY vy. 60.18) 
(ra) (i) 


2¢(3) 
N= 
nm \he hc 
In an adiabatic expansion (or compression) of the photon gas, the volume 
and temperature are related by V7? = constant. From (60.16), the pressure 
and volume are then related by PV*/? = constant. A comparison with (58.8) 
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shows that the equation of the adiabatic for a photon gas coincides (as we 
should expect) with that for an extreme relativistic electron gas. 

Let us consider a body in thermal equilibrium with black-body radiation 
around it. The body continually reflects and absorbs photons incident on it, 
and at the same time emits new ones, and in equilibrium all these processes 
balance in such a way that the distribution of photons in frequency and direc- 
tion remains unchanged on the average. 

Owing to the complete isotropy of the black-body radiation, each volume 
element emits a flux of energy uniformly in all directions. We use the notation 


1 dé, hiw* 


0) = FV do ~ ave(erT 1) (60.19) 


for the “spectral density” of black-body radiation per unit volume and unit 
solid angle. Then the energy flux density with frequencies in the interval dw 
leaving each point and entering the solid angle element do is ceo(w) do dw. The 
radiation energy (with frequencies in dw) incident in unit time on unit area 
of the surface of the body at an angle @ to the normal is therefore ceo(w) X 
cos 6 do dw, do = 2x sin 6 dé. 

Let A(w, 6) denote the “absorbing power”’ of the body as a function of the 
frequency and direction of incidence of the radiation; this quantity is defined 
as the fraction of the radiation energy incident on the surface of the body, in 
the given frequency interval, which is absorbed by the body, not including the 
radiation (if any) which passes through the body. Then the quantity of radia- 
tion absorbed per unit time and surface area will be 


ceéo(w)A(@, 8) cos 8 do da. (60.20) 


Let us assume that the body does not scatter radiation and is not fluores- 
cent, i.e. that the reflection occurs without change in the angle 0 or in the 
frequency. We shall also suppose that the radiation does not pass through 
the body; in other words, all radiation not reflected is completely absorbed. 
Then the quantity of radiation (60.20) must be balanced by the radiation 
emitted by the body itself in the same directions at the same frequencies. 
Denoting by J(w, 6) dw do the intensity of emission from unit area of the sur- 
face and equating it to the absorbed energy, we obtain 


J(@, 9) = ceo(w)A(@, 8) cos 8. (60.21) 
The functions J(w, 6) and A(, @) are, of course, different for different bodies, 
but we see that their ratio is independent of the properties of the body and is 
a universal function of frequency and direction: 

J(w, 9)/A(@, 9) = ceo(w) cos 9, 


which is determined by the energy distribution in the black-body radiation 
spectrum (at a temperature equal to that of the body). This is Kirchhoff’s law. 
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If the body scatters radiation, KIRCHHOFF’s law can be formulated only in 
a more restricted way. Since in this case reflection occurs with a change in the 
angle 6, we can derive from the condition of equilibrium only the requirement 
that the radiation (of a given frequency) absorbed from all directions should 
be equal to the total emission from the body in all directions: 


| J(w, 9) do = ceo(w) | A(w, 8) cos 6 do. (60.22) 


The angle 6 also changes, in general, when radiation can pass through the 
body (because of refraction on entering and leaving the body). In this case the 
relation (60.22) must be integrated over the entire surface of the body; the 
functions A(w, @) and J(w, 6) now depend not only on the material of the body 
but also on its shape and on the point considered on its surface. 

Finally, when there is scattering with change of frequency (fluorescence), 
KIRCHHOFF’s law applies only to the integrals over both direction and fre- 
quency of the radiation: 


| | J(a, 0) dodw = c | | €0(@)A(a, 8) cos 8 do dw. (60.23) 


A body which completely absorbs all radiation incident on it is called a 
black body.t For such a body, A(w, 6) = 1 by definition, and its emissive 
power is entirely determined by the function 


Jo(@, 8) = ceo(w) cos 6, (60.24) 


which is the same for all black bodies. It may be noted that the intensity of 
emission from a black body is a very simple function of direction, being pro- 
portional to the cosine of the angle to the normal to the surface of the body. 
The total intensity of emission from a black body, Jo, is obtained by integrat- 
ing (60.24) over all frequencies and over a hemisphere: 


20 n/2 
Jo = c| €o(@) dw | 2x cos 8 sin 6 dO = cE/4V, 
0 


where Eis given by (60.14). Thus 
Jo = oT, (60.25) 


t Such a body can be realised in the form of a cavity with highly absorbing internal 
walls and a small aperture. Any ray entering through the aperture can return to it and leave 
the cavity only after repeated reflection from the walls of the cavity. When the aperture is 
sufficiently small, therefore, the cavity will absorb practically all the radiation incident on 
the aperture, and so the surface of the aperture will be a black body. 
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i.e. the total intensity of emission from a black body is proportional to the 
fourth power of its temperature. 

Finally, let us consider radiation not in thermal equilibrium, having a non- 
equilibrium spectral or directional distribution. Let e(@, n) dw do be the volume 
density of this radiation in the frequency interval dw and with the direc- 
tion n of the wave vector lying in the solid-angle element do. We can use the 
concept of the temperature of the radiation in each small interval of frequency 
and direction, defined as the temperature for which the density e(w, n) is 
equal to that given by PLANCk’s formula, i.e. e(w, n) = eo(w). Denoting this 
temperature by T,, ,, we have 


ho 
To,a = ho® 1 »)- (60.26) 
log }1+-—-;:———~ ; 
| 4c? e(w, =| 

Let us imagine a black body emitting into a surrounding vacuum. The radi- 
ation is propagated freely along straight lines and will not be in thermal equi- 
librium outside the body; it is by no means isotropic, as equilibrium radia- 
tion must be. Since the photons are propagated in a vacuum and do not inter- 
act with one another, we are in a position to apply LIOUVILLE’s theorem 
rigorously to the photon distribution function in the corresponding phase 
space of co-ordinates and wave-vector components.t According to this theo- 
rem, the distribution function remains constant along the phase trajectories. 
But the distribution function is, apart from a factor dependent on frequency, 
the same as the volume density of radiation of a given frequency and direc- 
tion, e(@, n, r). Since the radiation frequency is also constant during propaga- 
tion, we have the following important result: in every solid-angle element 
where radiation is propagated (from a given point in space) the radiation 
density e(@, n, r) is equal to the density within the emitting black body, i.e. 
to the black-body radiation density e9(m). Whereas, however, for equilibrium 
radiation the density exists for all directions, here it exists only for a certain 
interval of directions. 

Defining the temperature of non-equilibrium radiation by (60.26), we can 
express the result differently by saying that the temperature T,, , is equal to 
the temperature T of the emitting black body for all directions in which radia- 
tion is being propagated (at any given point in space). If the radiation temper- 
ature is defined from the density averaged over all directions, however, it is 
of course less than the temperature of the black body. 

All these consequences of LIOUVILLE’s theorem remain fully valid when 
reflecting mirrors and refracting lenses are present, provided, of course, that 
the conditions for geometrical optics to be applicable are still satisfied. By 


t When considering the limiting case of geometrical optics, we can speak of co-ordinates 
of a photon. 
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means of lenses or mirrors the radiation can be focused, i.e. the range of 
directions from which rays reach a given point in space can be enlarged. This 
may increase the mean radiation temperature at the point considered, but the 
foregoing discussion shows that there is no means of raising it above the tem- 
perature of the black body which emitted the radiation. 


CHAPTER VI 


THE CONDENSED STATE 


§61. Solids at low temperatures 


SoLips form another suitable topic for the application of statistical methods 
of calculating the thermodynamic quantities. A characteristic property of 
solids is that the atoms in them execute only small vibrations about certain 
equilibrium positions, the crystal lattice sites. The configuration of the lattice 
sites which corresponds to thermal equilibrium of the body is preferred, i.e. 
distinguished from all other possible distributions, and must therefore be 
regular. In other words, a solid in thermal equilibrium must be crystalline. 

As well as crystals, there exist in Nature also amorphous solids, in which 
the atoms vibrate about randomly situated points. Such bodies are thermo- 
dynamically metastable, and must ultimately become crystalline. In practice, 
however, the relaxation times are so long that amorphous bodies behave as if 
stable for an almost unlimited time. All the following calculations apply 
equally to both crystalline and amorphous substances. The only difference is 
that, since amorphous bodies are not in equilibrium, NERNST’s theorem does 
not apply to them, and as T + 0 their entropy tends to a non-zero value. Con- 
sequently, for amorphous bodies the formula (61.7) derived below for the 
entropy has to be augmented by some constant So (and the free energy by a 
corresponding term —7So); we shall omit this unimportant constant, which, 
in particular, does not affect the specific heats of a body. 

The “residual” entropy, which does not vanish as T + 0, may also be ob- 
served in crystalline solids, because of what is called ordering of crystals. If 
the number of crystal lattice sites at which atoms of a given kind can be situa- _ 
ted is equal to the number of such atoms, there will be one atom near each 
site; that is, the probability of finding an atom (of the kind in question) in the 
neighbourhood of each site is equal to unity. Such crystals are said to be 
completely ordered. There are also, however, crystals in which the atoms may 
be not only at their “own” positions (i.e. those which they occupy in complete 
ordering) but also at certain “other” positions. In that case the number of 
sites that may be occupied by an atom of the given kind is greater than the 
number of such atoms, and the probability of finding atoms of this kind at 
either the old or the new sites will not be unity. 

For example, solid carbon monoxide is a molecular crystal, in which the 
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CO molecule can have two opposite orientations differing by interchange of 
the two atoms; the number of sites that may be occupied by carbon (or oxy- 
gen) atoms is here equal to twice the number of these atoms. 

In a state of complete thermodynamic equilibrium at absolute zero, any 
crystal must be completely ordered, and the atoms of each kind must occupy 
entirely definite positions. However, because the processes of lattice rearran- 
gement are slow, especially at low temperatures, a crystal which is incomplete- 
ly ordered at a high temperature may in practice remain so even at very low 
temperatures. This “freezing” of the disorder leads to the existence of a con- 
stant residual term in the entropy of the crystal. For instance, in the example of 
the CO crystal mentioned above, if the CO molecules have the two orienta- 
tions with equal probability, the residual entropy will be S, = log 2. 

According to classical mechanics, all the atoms are at rest at absolute zero, 
and the potential energy of their interaction must be a minimum in equilib- 
rium. At sufficiently low temperatures, therefore, the atoms must always 
execute only small vibrations, i.e. all bodies must be solid. In reality, however, 
quantum effects may bring about exceptions to this rule. One such is liquid 
helium, the only substance which remains liquid at absolute zero (at pressures 
below 25 atmospheres); all other substances solidify well before quantum 
effects become important.t 

We may note that for a body to be solid its temperature must be sufficiently 
low. The quantity T must certainly be small in comparison with the energy 
of interaction of the atoms (in practice, all solids melt or decompose at higher 
temperatures). From this it results that the vibrations of atoms in a solid 
about their equilibrium positions are always small. 

Let N be the number of molecules in the body, and » the number of atoms 
in each molecule. Then the number of atoms is Ny. Of the total number of 
degrees of freedom 3N?, three correspond to translational and three to rota- 
tional motion of the body as a whole. The number of vibrational degrees of 
freedom is therefore 3Nv—6, but since 3N» is extremely large we can, of 
course, neglect 6 and assume that the number of vibrational degrees of free- 
dom is just 3N». 

It should be emphasised that in discussing solids we shall entirely ignore 
the “internal’’ (electronic) degrees of freedom of the atoms. Hence, if these 
degrees of freedom are important (as they may be, for example, in metals), 
the following formulae will relate only to the “lattice”? part of the thermo- 
dynamic quantities for the solid, which is due to the vibrations of the atoms. 
In order to obtain the total values of these quantities, the “electronic”’ part 
(see §69) must be added to the “lattice” part. 


t Quantum effects become important when the de Broglie wavelength corresponding to 
the thermal motion of the atoms becomes comparable with the distances between atoms. 
In liquid helium this occurs at 2-3°K. 
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In mechanical terms, a system with 3N» vibrational degrees of freedom may 
be regarded as an assembly of 3Nv independent oscillators, each correspond- 
ing to one normal mode of vibration. The thermodynamic quantities relat- 
ing to one vibrational degree of freedom have already been calculated in 
§49. From the formulae there we can immediately write down the free energy 


of the solid ast 
F = Ney+TY log (i—e*!*), (61.1) 


The summation is over all 3Nv normal vibrations, which are labelled by the 
suffix «. We have added to the sum over vibrations a term Néo which repre- 
sents the energy of interaction between all the atoms in the body in their 
equilibrium positions (more precisely, when executing their “zero-point” 
vibrations) ; this energy is obviously proportional to the number N of molecules 
in the body, so that €o is the energy per molecule. It must be remembered 
that €o is, in general, not constant, but a function of the density (or specific 
volume) of the body: when the volume changes, so do the distances between 
the atoms, and therefore the energy of their interaction. For a given volume, 
however, €9 does not depend on the temperature: €0 = éo(V/N). 

The remaining thermodynamic quantities can be derived in the usual way 
from the free energy. 

Let us now consider the limiting case of low temperatures. For small 7, 
only the terms with low frequencies (Aw, ~ T) are of importance in the sum 
over «. But vibrations with low frequencies are just ordinary sound waves, 
whose wavelength is related to the frequency by 4 ~ u/w, where uw is the veloc- 
ity of sound. In sound waves the wavelength is large in comparison with the 
lattice constant (A >> a), and so w « u/a. In other words, if the vibrations can 
be regarded as sound waves, the temperature must satisfy a condition which 


may be written in the form 
T « hu/a. (61.2) 


Let us assume that the body is isotropic (an amorphous solid). In an iso- 
tropic solid, longitudinal sound waves can be propagated (with velocity u;, 
say), and so can transverse waves with two independent directions of polari- 
sation and equal velocities of propagation (u,, say). The frequency of these 
waves is linearly related to the absolute magnitude of the wave vector k by 
o=ukorw = uk. 

The number of vibrational modes in the spectrum of sound waves with 
absolute magnitude of the wave vector lying in the interval dk and with a 
given polarisation is V-4k? dk/(2m)°, where V is the volume of the body. 
Putting for one of the three independent polarisations k = w/u, and for the 


t Quantised vibrations were first used by EINSTEIN (1907) to calculate the thermo- 
dynamic quantities for a solid. 
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other two k = w/u,, we find that the interval dw contains altogether 


wdwa /1 2 
ae (3+ za) (61.3) 
vibrations. 
A mean velocity of sound # can be defined according to the formula 
3 2 2) 


3 up + us : 
Then the expression (61.3) becomes 

V-30? dw/2n2u3. (61.4) 
In this form it is applicable not only to isotropic bodies but also to crystals, 
where ii = u(V/N) must be understood as the velocity of propagation of sound 
in the crystal, averaged in a certain way. The determination of the averaging 
procedure requires the solution of the problem (which belongs to the theory 
of elasticity) of the propagation of sound in a crystal of given symmetry. 

By means of (61.4) we can change from the summation in (61.1) to integra- 

tion, obtaining 


eo 


3V 
i Newt Tare | log (1 — e-*”/T)w? da; (61.5) 


0 

because of the rapid convergence of the integral when T is small, the integra- 
tion can be taken from 0 to o. This expression (apart from the term Néo) 
differs from the formula (60.10) for the free energy of black-body radiation 
only in that the velocity of light ¢ is replaced by the velocity of sound u and 
a factor 3/2 appears. This resemblance is not surprising, since the frequency 
of sound vibrations is related to their wave number by the same type of linear 
formula as is valid for photons. The integers v, in the energy levels }'v,hw, of 
a system of sound oscillators may be regarded as “occupation numbers” of 
the various “quantum states’’ with energies ¢, = hw,, the values of these 
numbers being arbitrary (as in Bose statistics). The appearance of the extra 
factor 3/2 in (61.5) is due to the fact that sound vibrations have three possible 
directions of polarisation instead of two as for photons. 

Thus, without having to repeat the calculations, we can use the expression 
(60.11) derived in §60 for the free energy of black-body radiation, if c is re- 
placed by # and a factor 3/2 included. The free energy of a solid is therefore 


F = Neéo— V-2°T4/30(hu)*; (61.6) 
the entropy is 

S = V-2n?T3/15(hiu)>, (61.7) 
the energy 

E = Neot+ V-2°T*4/10(hu)3, (61.8) 
and the specific heat 


C = TV /5(hii)®. (61.9) 
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Thus the specific heat of a solid at low temperatures is proportional to the 
cube of the temperature! (DEBYE 1912). We write the specific heat as C 
simply (not distinguishing C,, and C,), since at low temperatures the differ- 
ence C,,—C, is a quantity of a higher order of smallness than the specific heat 
itself (see§ 23; here S ~ T?and so C,—C, ~ T"). 

For solids having a simple crystal lattice (elements and simple compounds) 
the 7? law for the specific heat does in fact begin to hold at temperatures of 
the order of tens of degrees, but for bodies with a complex lattice this law 
may be expected to be satisfactorily obeyed only at much lower temperatures. 


§62. Solids at high temperatures 

Let us now turn to the opposite limiting case of high temperatures (of 
order T>> fu/a, where a is the lattice constant). In this case we can put 
1—e7?a!T ~ hw, /T, and formula (61.1) becomes 


F = Neo+TY log (fa,/T). (62.1) 


The sum over « contains altogether 3Nv terms. We define the “geometric 
mean’ frequency @ by 
b= ——y 1 : . 
log @ >) og o, (62.2) 


Then the free energy of the solid is given by 
F = Neo—3N0T log T+3N?T log ho. (62.3) 


The mean frequency G, like a, is a function of the density, @(V/N). 
From (62.3) we find the energy of the body, E = F—ToF/or: 


E = Neéo+3NrT. (62.4) 


The case of high temperatures corresponds to the classical treatment of the 
vibrations of the atoms; it is therefore clear why formula (62.4) accords 
exactly with the law of equipartition (§44): apart from the constant Neo, an 
energy T corresponds to each of the 3N» vibrational degrees of freedom. 

For the specific heat we have 


C = Ne = 3M, (62.5) 


where c = 3» is the specific heat per molecule. We again write the specific 
heat as C simply, since in solids the difference between C, and C, is always 
negligible (see the end of §64). 


tIt may be recalled that when “electronic degrees of freedom” are present these for- 
mulae give only the “lattice” part of the thermodynamic quantities. However, even when 
there is an “electronic part” (as in metals) it begins to affect the specific heat, for example, 
only at temperatures of a few degrees. 
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Thus at sufficiently high temperatures the specific heat of a solid is constant 
and depends only on the number of atoms in the body. In particular, the 
specific heat per atom (vy = 1) must be the same for different elements and 
equal to 3 (in ordinary units, 3k); this is Dulong and Petit’s law. At ordinary 
temperatures this law is well satisfied for many elements. Formula (62.5) is 
valid at high temperatures for a number of simple compounds also, but for 
more complex compounds it gives a limiting value of the specific heat which 
in general is not reached before the substance melts or decomposes. 

Substituting (62.5) in (62.3) and (62.4), we can write the free energy and 
energy of a solid as 


F = Neo—NcT log T+NcT log ha, (62.6) 

E = Néot+NcT. (62.7) 
The entropy S = —0F/eT is 

S = Ne log T—Nce log (h@/e). (62.8) 


Formula (62.1) can also, of course, be derived directly from classical statis- 
tics, using the general formula (31.5) 


F = —Tlog | e-E(p, DIT dP. (62.9) 


For a Solid, the integration over the co-ordinates in this integral is carried out 
as follows. Each atom is regarded as being situated near a particular lattice 
site, and the integration over its co-ordinates is taken only over a small 
neighbourhood of that site. It is clear that all the points in the region of 
integration thus defined will correspond to physically different microstates, 
and no additional factor is needed in the integral." 

We substitute in (62.9) the energy expressed in terms of the co-ordinates 
and momenta of the normal modes: 


E(p, 9) = + Y 2+.74,"), (62.10) 
and write d/ in the form 
1 
dr = CnhysNe i dp. dq,. 
Then the integral becomes a product of 3N» integrals, all of the form 
| | exp {—(p.2+0,24.9)/2T }dpa dqq = 2nT jo, 


leading to formula (62.1); because of the rapid convergence of the integral, 
the integration over g, may be extended from — ~ to . 


t Whereas it was for a gas, where the integration over the co-ordinates of each particle 
was taken over the whole volume (cf. the end of §31). 
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At sufficiently high temperatures (provided that the solid does not melt or 
decompose) the effects of anharmonic vibrations of the atoms may become 
appreciable. The nature of these effects as regards the thermodynamic quanti- 
ties for the body may be investigated as follows; cf. the similar calculations 
for gases in §49. Taking into account the terms following the quadratic terms 
in the expansion of the potential energy of the vibrations in powers of g,, 


we have 
E(p, 2) = FKP, DtS(D+AQ+ --.s 


where fo(p, g) denotes the harmonic expression (62.10) (a quadratic form in 
q, and p,), and f3(q), f(g), . .. are forms homogeneous in all the co-ordinates 
q,, of degree three, four, etc. Substituting in the partition function in (62.9) 
qu = 42 /VT, P, = Pl |VT, we obtain 


Z= e- Ep. MIT A 
= [3Ny | “exp {—fulp’, 4") — VTfMa’) — Tha’) — ---} a. 


We see that, when the integrand is expanded in powers of the temperature, all 
odd powers of 1/T are multiplied by odd functions of the co-ordinates, which 
give zero on integration over the co-ordinates. Hence Z is a series Z = Zo+ 
TZ,+T?Z.+... which contains only integral powers of the temperature. 
On substitution in (62.9), the first correction term to the free energy will 
accordingly be of the form 

Finn = AT, (62.11) 


i.e. proportional to the square of the temperature. In the specific heat it gives 
a correction! proportional to the temperature itself. It should be emphasised 
that the expansion under discussion here is essentially one in powers of the 
ratio T/¢,, which is always small, and not, of course, in powers of the ratio 
T/hé&, which in the present case is large. 


PROBLEMS 


PROBLEM 1. Determine the maximum work which can be obtained from two identical 
solid bodies at temperatures 7, and T, when their temperatures are made equal. 


SOLUTION.The solution is entirely similar to that in §43, Problem 12, and gives 
|R | max = Ne(/T ~ VT,)?. 


PROBLEM 2. Determine the maximum work which can be obtained from a solid when it 
is cooled from a temperature T to the temperature 7, of the medium (at constant volume). 


SOLUTION. From formula (20.3) we have 
|R| max = Ne(T—T))+NcT log (Ty/T). 


+ This correction is usually negative (corresponding to positive A in (62.11)). 
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§63. Debye’s interpolation formula 


Thus in both the limiting cases of low and high temperatures it 1s possible 
to make a sufficiently complete calculation of the thermodynamic quantities 
for a solid. In the intermediate temperature range, such a calculation is 
impossible, since the sum over frequencies in (61.1) depends considerably on 
the actual frequency distribution over the whole spectrum of vibrations of 
the body concerned. 

It is therefore of interest to construct a single interpolation formula giving 
the correct values of the thermodynamic quantities in the two limiting cases. 
More than one such formula can be found, of course, but we should expect 
that a reasonable interpolation formula will give at least a qualitatively cor- 
rect description of the behaviour of the body throughout the intermediate 
range. 

The form of the thermodynamic quantities for a solid at low temperatures 
is given by the distribution (61.4) of the frequencies in the vibration spectrum. 
At high temperatures it is important that all the 3N» vibrations are excited. 
To construct the required interpolation formula, therefore, it is reasonable to 
start from a model in which the law (61.4) (which in reality is valid only at 
low frequencies) governs the frequency distribution over the whole vibration 
spectrum, the spectrum beginning at w = 0 and terminating at some finite 
frequency w,, determined by the condition that the total number of vibra- 
tions is equal to the correct value 3N»v: 


3V °” Vo,,° 
sai | Some ON 
0 
whence 
On = u(6r?2Nv/V)1U, (63.1) 


Thus the frequency distribution in this model is given by the formula 
INvw* dw/w,,2 (@ < Wm) (63.2) 


for the number of vibrations with frequencies in the interval dw (here a has 
been expressed in terms of w,,). 
Changing from the sum in (61.1) to an integral, we now have 


F = Néeot+ F w? log (1 —e-*#!T) da. 
Om 
0 


The Debye temperature ot characteristic temperature © of the body is defined 
by 
0 = ho, (63.3) 
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(and is, of course, dependent on the density of the body). Then 
6/T 
F = Ne,+9NvT(T/O)* [= log (1 — e-?) dz. (63.4) 
0 


Integrating by parts and using the Debye function 


Dw = | er (63.5) 
we can rewrite this formula as : 
F = Neo+ NrT[3 log (1 — e- 9/7) — D(O/T)). (63.6) 
Hence the energy E = F—TOF/OT is 
E = Néeo+3NrTD(O/T) (63.7) 
and the specific heat is 
C = 3Nr{D(O/T) — (O/T) D'(O/T)}. (63.8) 


Fig. 7 shows a graph of C/3Nv as a function of 7/0. 
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Formulae (63.6)-(63.8) are the required interpolation formulae for the 
thermodynamic quantities for a solid (DEBYE 1912). 

It is easy to see that in both limiting cases these formulae in fact give the 
correct results. For T<«< © (low temperatures) the argument @/T of the Debye 
function is large. In a first approximation we can replace x by ~ in the upper 
limit of the integral in the definition (63.5) of D(x); the resulting definite inte- 
gral isz*/15, and sot 

D(x) = a4/5x3 (x > 1). 


x oo 
tT Replacing J by | - J » expanding (e*—1)—! in the second integrand in powers of 
o 
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Substituting this in (63.8), we obtain 

C = (12Nrn4/5)(T/0)8, (63.9) 
which is the same as (61.9). At high temperatures (T >> @) the argument of 
the Debye function is small; for x < 1 we have D(x) = | to a first approxi- 
mation,t and (63.8) gives C = 3N», again in full agreement with the previous 
result (62.5).4 

It is useful to point out that the actual form of the function D(x) is such 
that the criterion of applicability of the limiting expressions for the specific 
heat is the relative magnitude of T and + @: the specific heat may be regarded 
as constant for T >> +0 and proportional to T* for T<« +0. i 

According to DeBye’s formula, the specific heat is some universal function 
of the ratio O/T. In other words, according to this formula, the specific heats 
of bodies must be the same if the bodies are in corresponding states, i.e. have 
the same value of 9/T. 

Desye’s formula gives a good description of the variation of specific heat 
with temperature (as far as can be expected from an interpolation formula) 
only for certain substances with simple crystal lattices: most of the elements, 
and some simple compounds such as the halides. It is inapplicable in practice 
to substances of more complex structure; this is quite reasonable, since in 
such substances the vibration spectrum is extremely complicated. 

In particular, DEBYE’s formula is totally inapplicable to highly anisotropic 
crystals. Such crystals may have a “layer”’ or “chain” structure, and the poten- 
tial energy of interaction of the atoms within each “layer” or “chain” is then 
considerably greater than the binding energy between different layers or 
chains. Accordingly the vibrational spectrum will be described by not one 
but several characteristic temperatures, of different orders of magnitude. The 
T? law for the specific heat will be valid only at temperatures which are small 
compared with the smallest of the characteristic temperatures; in the inter- 
mediate ranges, new limiting laws apply. * 


e~7, and integrating term by term, we find that, for x > 1, 
4 
D(x) = =a — 3e-*{1+ O(1/x)}. 


The value given in the text is therefore correct to within exponentially small terms. 
t For x « 1 a direct expansion of the integrand in powers of x and integration term by 
term gives 
D(x) = ie ogee meee 
8 20 


ft The specific heat at high temperatures accurate to the next term in the expansion is 
1 
= — ee 2 
C = 3N»y {1 0 (O/T) hs 


|| As examples, the values of @ for a number of substances, derived from their specific- 
heat values, are Pb 90°, Ag 210°, Al 400°, KBr 180°, NaCl 280°. For diamond, @ is partic. 
ularly large, ~ 2000°. 

+ See I. M. Lirsuitz, Zhurnal éksperimental’noi i teoreticheskoi fiziki 22, 471, 1952. 
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§64. Thermal expansion of solids 


The term proportional to TJ‘ in the free energy at low temperatures (61.6) 
can be regarded as a small correction to Fy = Neo( V/N). The small correction 
to the free energy (for given V and 7) is equal to the small correction to the 
thermodynamic potential ® (for given P and T; see (15.12)). We can therefore 
write immediately 

D = Do(P) —2T4V o( P)/30(hi)°. (64.1) 


Here ®)(P) is the temperature-independent part of the thermodynamic poten- 
tial, Vo(P) the volume expressed as a function of pressure by means of the 
relations P = —O0Fo/OV = —N deo/dV, and a = u(P) is the mean velocity of 
sound, expressed in terms of the pressure by means of the same relations. The 
dependence of the volume of the body on the temperature is given by 
V = O@/OP: 


_ wT* d /V, 
V = VolP)— sas ap (32) (64.2) 
The thermal expansion coefficient « = (1/V)(OV/8T)p is 
_ 20T? d (Vo 
«15H Vo dP (s) oe 


We see that at low temperatures « is proportional to the cube of the tempera- 
ture. This result is already obvious from NERNST’s theorem (§23) together 
with the 7° law for the specific heat. 

Similarly, at high temperatures we can consider the second and third terms 
in (62.6) as small corrections to the first term (we must always have T « é 
if the body is solid), and obtain 


® = G(P)—NcT log T+NcT log ha(P), (64.4) 


whence 
V = Vo(P)+(NcT/@) d&/dP. (64.5) 


The thermal expansion coefficient is 
a = (Ne/Vo) da/dP, (64.6) 


and is independent of the temperature. 

When the pressure increases, the atoms in a solid come closer together, 
and the amplitude of their vibrations (for a given energy) decreases, i.e. the 
frequency increases. Thus dw/dP > 0, so that « > 0, and solids expand when 
the temperature rises. Similar considerations show that the coefficient « given 
by formula (64.3) is also positive. 

Finally, we can make use of the law of corresponding states given at the 
end of §63. The statement that the specific heat is a function only of the ratio 
T/@ is equivalent to saying that the thermodynamic potential, for example, is 
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of the form 

® = ©,(P)+Of(T/0). (64.7) 
The volume is 

V = VoAP)+(dO/dP)[f—(T/O)F1, 
and the thermal expansion coefficient is 
a = —(T/V.0)(dO/dP)f”. 
Similarly, we find the heat function W = ®—TO@/OT and the specific heat 
C = ow[cT: 
C= —(T/0)f". 

Taking the ratio of the two expressions for « and C, we obtain 


a 1 dO 
CC OVP) dP’ 


Thus, within the limits of validity of the law of corresponding states, the ratio 
of the thermal expansion coefficient to the specific heat of a solid is independ- 
ent of temperature (Griineisen’s law). 

It has already been mentioned that in solids the difference between the specif- 
ic heats C,, and C,, is very slight. At low temperatures this is a general conse- 
quence of NERNST’s theorem, which applies to all bodies. At high temperatures 
we have, using the thermodynamic relation (16.9), 


plOevieneP __ 7 2Ve? 


(OV/OP)r — ~dVo/dP’ 


(64.8) 


C,-C, =—- 


where « = «(P) is the thermal expansion coefficient (64.6). We see that the 
difference C,,—C, is proportional to T; essentially this means that its expan- 
sion in powers of 7/9 begins with a first-order term, whereas that of the specif- 
ic heat itself begins with a zero-order (constant) term. Hence it follows that 
in solids C,— C, « C at high temperatures also. 


§65. Phonons 


In the foregoing sections we have treated the thermal motion of the atoms 
in a solid as a set of small normal vibrations of the crystal lattice. Let us now 
examine the properties of these vibrations in more detail. 

Each unit cell of the crystal generally contains several atoms. Thus each 
atom can be specified by stating which unit cell contains it and giving the 
number of the atom in that cell. The position of the unit cell can be defined by 
the radius vector r, of any particular vertex of the cell; r, takes values given by 


Tg = 5181+ 52ao+53a3, (65.1) 


where sj, Se, S3 are integers, and aj, ae, a3 are the basic lattice vectors (i.e. the 
lengths of the sides of the unit cell). 


6 
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Let the displacements of the atoms in the vibrations be denoted by u,%, 
where the index s gives the number of the cell and the suffix 7 gives both the 
number of the atom in the cell and the co-ordinate axis (x, y, z) along which 
the displacement is considered; n therefore takes altogether 3r values, where 
ris the number of atoms in the cell. 

The vibrations occur under the influence of the forces exerted on each atom 
by the remaining atoms in the lattice. These forces are functions of the displa- 
cements, and since the latter are small the forces may be expanded in powers 
of the u,°, retaining only the linear terms. This expansion does not contain 
zero-order terms, since for u,"= 0 all the atoms are in equilibrium and the 
forces acting on them must vanish. Thus the equations of motion of the atoms 
in the lattice are of the form 


u,§ = — >; Ann’ "Uy. (65.2) 


The constant coefficients 2 depend only on the differences s’—s, since the 
interaction forces between atoms can clearly depend only on the relative posi- 
tion of the lattice cells, not on their absolute position in space.t 
We shall seek solutions of equations (65.2) in the form of a “monochro- 
matic plane wave’”’ 
u,® = Uy exp [i(k-r,—f)]. (65.3) 


The (complex) amplitude u, depends only on the suffix 7, i.e. is different for 
different atoms in the same cell but not for equivalent atoms in different 
cells. 
Substitution of (65.3) in (65.2) gives 
o7u,eK Ts = » Ann’®’ 8p re*® ts", 
n’, 8! 
Dividing both sides of this equation by e***"s, defining the vector r, = I, —T, 
with suffix o = s’—s and changing from summation over s’ to summation 


over a, we have 
Y ann Fe™ Foun, — wun = 0. (65.4) 


n',o 


This set of linear homogeneous equations for the amplitudes has non-zero 
solutions only if the determinant is equal to zero: 


b> Anni Fe® Fa — 0b nn! | = Q, (65.5) 
oc 


Since the suffixes n, n’ each take 3r values, the order of the determinant is 
3r, so that (65.5) is an algebraic equation in w? of degree 3r. 


t The coefficients A are connected by certain relations which express the fact that a simple 
displacement or rotation of the lattice as a whole causes no forces to act on the atoms. We 
shall not pause to write out these relations here. 


§65 Phonons 183 


Each of the 37 solutions of this equation determines the frequency @ as a 
function of the wave vector k, usually called the dispersion relation. Thus for 
any given value of the wave vector the frequency can in general take 3r differ- 
ent values. In other words, we can say that the frequency is a many-valued 
function of the wave vector, with 3r branches: @ = w,(k), where the suffix 7 
labels the values of the frequency for a given k. Geometrically, the functional 
relation w = w(k,, k,, k,) is represented by a four-dimensional hypersurface. 
The different branches of the function correspond to different sheets of this 
hypersurface. 

The hypersurface w = w(k,, k,, k,) may intersect itself, i.e. its sheets need 
not be completely separate. Such intersections may occur both for “acciden- 
tal’? values of kand for values which are distinguished by the symmetry of their 
position with respect to the reciprocal lattice. 

In the former case the intersections can occur only in a manifold of one 
(not two) dimensions, i.e. in a line. The existence of such intersections could 
be theoretically predicted only by actually solving the equations of motion of 
the atoms in a particular lattice. 

Intersections resulting from the symmetry of the crystal can be treated by 
the methods of group theory. We shall not pause to discuss this question here, 
but simply mention that in this case various types of intersection are possible, 
not only of two but of more than two hypersurfaces. 

Among these 3r branches there must be some which for wavelengths large 
compared with the distances between atoms correspond to ordinary elastic 
(i.e. sound) waves in the crystal. It is known from the theory of elasticity that 
waves of three types can be propagated in a crystal regarded as a continuous 
medium; these types differ as regards the dependence of w on k, but for all 
three types w is a homogeneous function of the first order in the components 
of the vector k, and vanishes when k = 0. Thus the 37 branches of the func- 
tions w(k) must include three for which the frequency vanishes with k, and 
for small k is a homogeneous function of the first order in the components of 


k, i.e. is of the form 
wo = a(n)k, (65.6) 


where a(n) is some function of the direction of the vector k (n being a unit 
vector in the direction of k). These three types of wave are called elastic or 
acoustic; they are characterised by the fact that the lattice vibrates as a whole, 
as a continuous medium. In the limiting case of infinite wavelength, these 
vibrations become a simple parallel displacement of the entire lattice. 


t Cf. Quantum Mechanics, §79. 

t See L. P. BoucKaArrT, R. SMOLUCHOWSKI and E. WIGNER, Physical Review 50, 58, 
1936; F. HUND, Zeitschrift fiir Physik 99, 119, 1936; C. HERRING, Physical Review 32, 
361, 365, 1937. 
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In the remaining 3(r—1) types of wave the frequency does not vanish when 
k = 0, but tends to a constant limit as k + 0. These are called optical vibra- 
tions of the lattice. In this case the atoms in a given cell are in relative motion, 
and in the limit k = 0 the centre of mass of the cell remains fixed. It is evi- 
dent that if each cell contains only one atom there can be no optical vibra- 
tions. 

We may note that the 37 —3 limiting frequencies (for k = 0) of the optical 
vibrations need not all be different from one another. When the crystal has 
certain symmetry properties, the limiting frequencies of some of the branches 
of the optical vibrations may coincide (i.e. the self-intersections of the hyper- 
surface w = w(k) may pass through the point k = 0). If the limiting frequency 
for one of the optical branches does not coincide with that for another branch, 
then the frequency w(k) for that branch can be expanded (near k = 0) in 
powers of the components k, of the vector k. It is easy to see that this expan- 
sion can contain only even powers of the k;. For, by the symmetry of the me- 
chanical equations of motion under time reversal, if the propagation of a wave 
(65.3) is possible, then so is that of a similar wave in the opposite direction. 
But such a change of direction is equivalent to a change in the sign of k. 
Accordingly, the functions w(k) must be even: w(—k) = w(k), and this 
proves the above statement. Thus in the present case the dependence of the fre- 
quency of optical vibrations on the wave vector near k = 0 has the form 

O = Wot > ainkikn, (65.7) 


i, R=X, y, z 


where wo is the limiting frequency and the «,, are certain constants. 

If, however, the limiting frequencies of several branches coincide, the fre- 
quencies w(k) for these branches can not in general be expanded in powers of k, 
since the point k = 0 is a singular one (branch point) for them, and near such 
a point a function cannot be expanded in series. We can say only that, near 
k = 0, the difference w—q@o will be a homogeneous function of the k; of 
either the first or the second order (depending on the symmetry of the crystal). 

The wave vector k of the lattice vibrations has the following important 
property. The vector k appears in the expression (65.3) only through the expo- 
nential factor e**'s. But this factor is unchanged when k is augmented by 
any vector of the form 2b, b = pibi+pebe+psbs, where b is any vector of 
the reciprocal lattice (see §135), bi, be, bs are the basic vectors of the reciprocal 
lattice, and pi, P2, p3 are integers. This means that the wave vector of the lat- 
tice vibrations is defined only to within an arbitrary vector of the reciprocal 
lattice, multiplied by 27. 

Thus in each branch of the function w(k) it is sufficient to consider values of 
the wave vector which lie in some particular finite interval: if the co-ordinate 
axes (in general oblique) are taken along the three basic vectors of the 
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reciprocal lattice, it is sufficient to consider values of the three components 
of the wave vector in the intervals 


—nbj<k, <b}, —nbp<k,y=abe, —nb3 <k, <2bs. (65.8) 


In other words, for the vector k/2 we must take all its possible values lying 
in one reciprocal lattice cell. This applies, of course, to both acoustic and 
optical vibrations. 

Concerning the whole of the foregoing discussion, it must be emphasised 
once more that this has related only to the “harmonic approximation”, 
in which only those terms are taken into account, in the potential energy of 
the vibrating particles, which are quadratic in the displacements of the atoms. 
It is only in this approximation that the various monochromatic waves (65.3) 
do not “interact” but are freely propagated through the lattice. When the 
subsequent “anharmonic” terms are taken into account, various processes 
of scattering of these waves by one another appear. 

Moreover, it is assumed that the lattice is perfectly periodic, but it must be 
borne in mind that the perfect periodicity is to some extent perturbed, even 
without allowing for possible impurities and other lattice defects, if the crystal 
contains randomly distributed atoms of different isotopes. This perturbation, 
however, is comparatively small if the relative difference of atomic weights of 
the isotopes is small or if the abundance of one isotope greatly exceeds those 
of the others. In such cases, which are those usually encountered, the above 
description remains valid in a first approximation, and in subsequent approxi- 
mations there occur various processes of “scattering” of waves by “inhomo- 
geneities”’ in the lattice. 

Let us now consider the quantum treatment of lattice vibrations. 

Instead of the waves (65.3), in which the atoms have definite displacements 
at any instant, quantum theory uses the concept of sound quanta or phonons, 
which are “quasi-particles” propagated through the lattice, with definite 
energies and directions of motion. Since the energy of an oscillator in quantum 
mechanics is an integral multiple of Aw (where is the frequency of the clas- 
sical wave), the phonon energy e« is related to the frequency w by 


é = ho, (65.9) 
in the same way as for light quanta or photons. The wave vector k determines 
the quasi-momentum p of the phonon: 

p = Ak. (65.10) 


This is a quantity in many ways analogous to the ordinary momentum, but 
there is an important difference between them due to the fact that the quasi- 
momentum is defined only to within an arbitrary additive constant vector of 


the form 2xhb; values of p differing by such a quantity are physically equiva- 
lent. 
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The velocity of a phonon is given by the group velocity of the corresponding 
classical waves, v = 0w/0k. This formula may also be written 


v = 0e(p)/op, (65.11) 


which is exactly analogous to the usual relation between the energy, momen- 
tum and velocity of particles. 

The whole of the discussion above concerning the relation between the 
frequency and the wave vector for waves is entirely applicable to the relation 
between the energy and the quasi-momentum for phonons. In particular, the 
function ¢ = ¢(p) in general has 3r different branches. These include three 
“kinds” of phonons for which, at sufficiently small values of the quasi- 
momentum, the energy ¢ is a homogeneous function of the first order in the 
components of p. The velocity of such phonons for small p has a value which 
depends only on the direction of p and not on its magnitude. This velocity 
is clearly just the corresponding velocity of sound in the crystal. 

The free propagation of the waves (65.3) in the “harmonic” approximation 
corresponds, in the quantum description, to the free motion of phonons 
which do not interact at all, ie. do not “collide” with one another. In sub- 
sequent approximations, various processes of elastic and inelastic collisions 
between phonons appear. These collisions provide the mechanism whereby 
thermal equilibrium is established in the “phonon gas”, i.e. whereby an equi- 
librium thermal motion is established in the lattice. 

In the collision of two (or more) phonons, the laws of conservation of 
energy and of quasi-momentum must be obeyed. The latter law, however, 
requires the conservation of the sum of the quasi-momenta of the colliding 
phonons only to within an arbitrary additive vector of the form 27hb, as a 
result of the non-uniqueness of the quasi-momentum itself. Thus the quasi- 
momenta of the two phonons before the collision (p,, p,) and after the 
collision (p,’, Pz’) must be related by 


PitP2 = pi’ +Ppe +27hb. (65.12) 


Any number of identical phonons may be created simultaneously in the 
lattice. That is, any number of phonons may be in each of the phonon quan- 
tum states. This means that the phonon gas obeys Bose statistics. Since, 
furthermore, the total number of “particles” in this gas is not given and 1s 
itself determined by the equilibrium conditions, its chemical potential is zero 
(see §60). The mean number of phonons in a given quantum state (with quasi- 
momentum p and energy «) is determined in thermal equilibrium by PLANCK’s 
function: 

Ny = 1/(ee®/T—1). (65.13) 
It may be noted that at high temperatures (7 >> e) this expression becomes 


tm = Tle, (65.14) 
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i.e. the number of phonons ina given state is proportional to the tempera- 
ture. 

The concept of phonons can be used to describe the non-equilibrium states 
of a solid in the same way as for an ideal gas. Any non-equilibrium macro- 
scopic state of a solid is defined by some non-equilibrium distribution of pho- 
nons among their quantum states. The entropy of a body in such a state can 
be calculated by means of the formulae derived in §54 (for a Bose gas). In 
particular, when there are many phonons in each state, the entropy is 


SsS= 2G; log (eN,/G;), 


where N; is the number of phonons in a group of G, neighbouring states (see 
(54.8)). This case corresponds to high temperatures (7' >> 0). 

We can rewrite this formula in an integral form corresponding to the 
classical wave picture of thermal vibrations. The number of phonon states 
(of each of 3r “kinds”’) which “correspond” to the interval dk,, dk, dk, of 
values of the wave vector and the space volume element dV is 


_ dp, dpydp,dV _ dk, dk, dk, dV 
ak nr 


Let U(r, k) dt be the energy of thermal vibrations with wave vectors in 
dk,, dk, dk, in the space volume dV. The corresponding number of phonons 
is U(r, k) dt/fiw(k). Substituting these expressions for G; and N,and changing 
to integration, we have the following formula for the entropy of a solid with 
a given non-equilibrium distribution of energy in the spectrum of thermal 
vibrations: 


dt 


s=¥ | log [eU(r, k)/fico(k)] dz. (65.15) 


The summation is over the 3r branches of the function w(k). 
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Unlike gases and solids, liquids do not allow a calculation in a general 
form of the thermodynamic quantities or even of their dependence on tem- 
perature. The reason lies in the existence of a strong interaction between the 
molecules of the liquid while at the same time we do not have the smallness 
of the vibrations which makes the thermal motion in solids especially simple. 
The strength of the interaction between molecules makes it necessary to 
know the precise law of interaction in order to calculate the thermodynamic 
quantities, and this law is different for different liquids. 

A general theoretical treatment is, however, possible for liquids at tem- 
peratures near absolute zero. This problem is of considerable fundamental 


t The results given in §§66-68 are due to L. LANDAU. 
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interest, although in practice there is in Nature only one substance, namely 
helium, which can remain liquid down to absolute zero. In this connection 
it will be recalled (see §61) that according to classical mechanics all bodies 
should be solid at absolute zero, but helium, owing to the unusually weak 
interaction between its atoms, remains liquid down to temperatures at which 
quantum effects become important (a quantum liquid), after which it need not 
solidify. 

The calculation of the thermodynamic quantities requires a knowledge of 
the energy level spectrum of the body in question. It should be emphasised 
that, for a system of strongly interacting particles such as a quantum liquid, 
we can speak only of levels corresponding to stationary quantum states of 
the whole liquid, and never to states of the individual atoms. In calculating 
the partition function at temperatures close to absolute zero, only the energy 
levels of low excitation in the liquid need be taken into account, i.e. the levels 
which lie not too far above the ground state. 

The following point is fundamental to the whole of the subsequent dis- 
cussion. Any low excited state of a macroscopic body can be regarded in 
quantum mechanics as an assembly of elementary excitations, which behave 
as quasi-particles moving in the volume occupied by the body and having 
definite energies and momenta. So long as the number of elementary excita- 
tions is sufficiently small, they do not “interact” with one another (i.e. their 
energies are additive), and so the assembly of them may be regarded as an 
ideal gas. It should again be emphasised that the concept of elementary 
excitations arises as a means of quantum description of the collective motion 
of the atoms in a liquid, and they cannot in any way be identified with the 
individual atoms or molecules. | 

An example of quasi-particles is given by the phonons discussed in §65, 
which describe states of a crystal whose atoms are executing small vibrations 
about equilibrium positions. 

One possible type of energy spectrum of low excited states of a quantum 
liquid (a “Bose-type” spectrum) is characterised by the fact that the ele- 
mentary excitations may appear and disappear singly. But the angular mo- 
mentum of any quantum system (here the whole liquid) can change only by 
an integer. Thus the elementary excitations appearing singly must have inte- 
gral angular momentum and therefore obey Bose statistics. Any liquid con- 
sisting of atoms which obey Bose statistics must have a spectrum of this 
type. 

A very important property of quasi-particles is their dispersion relation, 
ice. the relation between their energy and momentum. In a spectrum of the 
type under consideration, the elementary excitations with small momenta p 
(i.e. large wavelengths #/p) correspond to ordinary sound waves in the liquid, 
i.e. are phonons. This means that the energy of such elementary excitations 
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is a linear function of the momentum: 
€ = up, (66.1) 


where u is the velocity of sound in the liquid. It must be emphasised that the 
’ momentum of an elementary excitation in the liquid is the true momentum, 
and not the quasi-momentum as for a phonon in the periodic crystal lattice of 
a solid. 

As the momentum increases, the function e(p) ceases to be linear, of course; 
its subsequent form depends on the particular law of interaction between the 
molecules of the liquid, and therefore cannot be determined in a general 
form. It must be remembered that, for sufficiently large momenta, the func- 
tion e(p) will not exist, since elementary excitations with too large momenta 
are unstable and decompose into several excitations with smaller momenta 
(and energies).' 

If the function e(p) for small p is known, we can calculate the thermo- 
dynamic quantities for the liquid at temperatures close to absolute zero such 
that practically all the elementary excitations in the liquid have low energies, 
i.e. are phonons. The corresponding formulae can be written down without 
special calculation by making direct use of the expressions derived in §61 for 
the thermodynamic quantities in a solid at low temperatures. The only 
difference is that, instead of the three possible directions of polarisation of 
sound waves in a solid (one longitudinal and two transverse), in a liquid there 
exists only one (longitudinal), and so all the expressions for the thermody- 
namic quantities are to be divided by three. For example, the free energy of 
liquid is 

F = Fo—V-x?T4/90(hu)?, (66.2) 
where Fo is the free energy of the liquid at absolute zero. The energy of the 
liquid is 

E = Eot V-w°T*/30(hu)?, (66.3) 
and the specific heat 

C = V-20°T?/15(hu)>; (66.4) 


this is proportional to the cube of the temperature. 

Liquid helium (the isotope He‘) has an energy spectrum of this type. An 
analysis of experimental values of its thermodynamic quantities shows that 
they can be fully represented by the type of dispersion relation for elementary 
excitations shown in Fig. 8: after an initial linear rise, the function e(p) 
reaches a maximum, then decreases and passes through a minimum at a 
certain value po of the momentum.t In thermal equilibrium, most of the 

t The properties of the spectrum near the “termination point” of the curve e = e(p) 
have been examined by L. P. Prragevskil (Soviet Physics JETP 9, 830, 1959). 


{ A qualitative theory of this type of spectrum has been given by R. P. FEYNMAN, Physical 
Review 94, 262, 1954; see also L. P. Prragvskil, Soviet Physics JETP 4, 439, 1957. 
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elementary excitations in the liquid have energies in regions near the minima 
of the function e(p), i.e. in the region of small e (near ¢ = 0) and in the region 
of e(po). These regions are therefore of particular importance. Near the point 
P = Po, the function e(p) can be expanded in powers of the difference P—Po. 
There is no linear term in the expansion, and we have as far as the second- 


order terms 
é = 4+(p—po)?/2n, (66.5) 


where 4 = e(po) and yu are constants. Quasi-particles of this type are called 
rotons.t 


€(p) 


Fic. 8 


The empirical values of the constants 4, po and ware A = 8.5°K, po/f = 
1.9X10-§ cm7!, 4 = 0.16 my, (where my, is the mass of the Het 
atom). 

Since the roton energy always includes the quantity 4, which is large com- 
pared with 7 at temperatures sufficiently low for a “roton gas” to be consider- 
ed, this gas may be described by the Boltzmann distribution instead of the 
Bose distribution. Accordingly, to calculate the “roton”’ part of the thermo- 
dynamic quantities for liquid helium we start from formula (41.5): 


ev 
F= —NT log NGzaiy | e-IT d3p, 


The number N of particles in the roton gas is not a given number, but is 
itself determined by the condition of minimum free energy. Equating 0F/ON 
to zero, we find for the number of rotons 


— —eT q3 
Ny = Gans oak dp, 


t The special name does not, of course, connote any fundamental difference between 
phonons and rotons, which simply correspond to different parts of the same curve, and 
there is a continuous transition from one to the other. 
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The corresponding free energy is 
F, = vr | e—T d3p, 


The expression (66.5) is to be substituted in these formulae. Since po? > uT, 
in integrating with respect to p we can take the factor p* outside the integral 
and replace it by po? with sufficient accuracy. In integrating the exponential 
we can extend the range of integration from — oto eo. The result is 
2(uT)? eV e~4IT, 

(20 )9h° (66.6) 

F, = —TN,. 
Hence the roton contributions to the entropy and the specific heat are 


respectively 
3 A 
Sr = Ne (3+7) 


3 A /(A\? 
comet (H)} 
We see that the temperature dependence of the roton part of the thermo- 
dynamic quantities is essentially exponential. At sufficiently low tempera- 
tures (below about 0.8°K for liquid helium) the roton part is therefore less 


than the phonon part, while at high temperatures the position is reversed 
and the roton contribution is greater than that of the phonons. 


N, = 


(66.7) 


§67. Superfluidity 

A quantum liquid with an energy spectrum of the type described above 
must possess a remarkable property, known as superfiuidity: the property of 
flowing through narrow capillaries or slits without exhibiting viscosity.t Let 
us first consider a liquid at absolute zeru, at which temperature the liquid is in 
its ground state. 

Let us consider a liquid flowing along a capillary at a constant velocity v. 
Because of the friction against the walls of the tube and the friction within 
the liquid itself, the presence of viscosity would have the effect that the kinetic 
energy of the liquid would be dissipated and the flow would gradually 
become slower. 

It will be more convenient to discuss the flow in a co-ordinate system 
moving with the liquid. In such a system the liquid (e.g. helium) is at rest, 
and the walls of the capillary move with velocity —v. When viscosity is 
present, the liquid at rest must also begin to move. It is physically evident 
that the entrainment of the liquid by the walls of the tube cannot initiate 


t This phenomenon was discovered in liquid helium (helium II) by P. L. Kaprrsa (1938). 
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movement of the liquid as a whole. The motion must arise from a gradual 
excitation of internal motions, that is, from the appearance of elementary 
excitations in the liquid. 

Let us suppose that a single elementary excitation appears in the liquid, 
with momentum p and energy e(p). Then the energy Eo of the liquid (in the 
co-ordinate system in which it was originally at rest) is equal to the energy 
é of the excitation, and its momentum Py is equal to p. Let us now return to 
the co-ordinate system in which the capillary is at rest. According to the 
familiar formulae of mechanics for the transformation of energy and 
momentum, we obtain for the energy E and momentum P of the liquid in 


this system 
E= Eot+Poevt+i4Mr?,  —— Po+ My, (67.1) 


where M is the mass of the liquid. Substituting « and p for Ey and Po, we have 
E= e+pev+3Me". 


The term 4Mv* is the original kinetic energy of the flowing liquid; the 
expression ¢+pev is the change in energyedue to the appearance of the 
excitation. This change must be negative, since the energy of the moving 
liquid must decrease: e+ p-v < 0. 

For a given value of p, the quantity on the left-hand side of this inequality 
is a minimum when p and v are antiparallel; thus we must always have 
é€—pv < 0, or 

vo >e/p. (67.2) 
This inequality must be satisfied for at least some values of the momentum p 
of the elementary excitation. Hence the final condition for the occurrence of 
excitations to be possible in the liquid as it moves along the capillary is 
obtained by finding the minimum of e/p. Geometrically, the ratio e/p is the 
slope of the line drawn from the origin (in the pe-plane) to some point on the 
curve € = e«(p). Its minimum value is clearly given by the point at which the 
line from the origin is a tangent to the curve. If this minimum is not zero, 
then, for velocities of flow below a certain value, excitations cannot appear 
in the liquid. This means that the flow will not become slower, i.e. that the 
liquid exhibits the phenomenon of superfluidity. 

The condition just derived for the presence of superfluidity is essentially 
equivalent to the requirement that the curve ¢ = e(p) should not touch the 
axis of abscissae at the origin (ignoring the unlikely possibility that it touches 
this axis at some other point). Thus any spectrum in which sufficiently small 
excitations are phonons will lead to superfluidity. 

Let us now consider the same liquid at a temperature other than absolute 
zero (but close to it). In this case the liquid contains excitations, and is not 
in the ground state. The arguments given above remain valid, since they made 
no direct use of the fact that the liquid was originally in the ground state. 
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The motion of the liquid relative to the walls of the tube when the above 
condition is satisfied still cannot cause any new elementary excitations to 
appear in it. It is, however, necessary to elucidate the effect of excitations 
already present in the liquid. 

To do this, we calculate as follows. Let us imagine that the “quasi-particle 
gas’”’ moves as a whole with respect to the liquid, with a translational velocity 
y. The distribution function for the gas moving as a whole is obtained from 
the distribution function n(e) for the gas at rest by replacing the energy ¢ of 
a particle by e—p-v, where p is the momentum of the particle.t Hence the 
total momentum of the gas per unit volume is 


P= | pn(e—pev) dip. 


Let us assume that the velocity v is small, and expand the integrand in powers 
of pev. The zero-order term gives zero on integration over the directions of 
the vector p, leaving 


P= - | pe asp. 


Integrating over the directions of the vector p gives 


oo 


P= _y4 al p* on) dp. (67.3) 


d 


0 
For phonons}, ¢ = up, and integration by parts gives 


oo 


P = “V5 | CHP) dp 


J 
< 
Pa) 
Cem, 9 

an 

x 
S 
< 


t For an ordinary gas this is a direct consequence of GALILEO’s relativity principle, and 
is proved by a simple change of co-ordinates, but in the present case such arguments cannot 
be applied directly, since the “quasi-particle gas” is moving not in a vacuum but “through 
the liquid”. Nevertheless, the statement remains valid, as can be seen from the following 
argument. Let the excitation gas be moving relative to the liquid with velocity v. Let us take 
a co-ordinate system in which the gas is at rest as a whole, and the liquid is accordingly 
moving with velocity —v (system K). According to the transformation formula (67.1), the 
energy E of the liquid in the system K is related to the energy in a system Ky where the 
liquid is at rest by E = E,—Poev+4Mov*. Let an elementary excitation of energy e(p) in 
K, arise in the liquid. Then the additional energy of the liquid in K is e—p-v, and this 
proves the statement. 

+ For phonons, the function n(e) is the Bose distribution function with chemical potential 
zero. Hence n(e—p-v) is proportional to 1/(e@—P-¥)/? —1). It should be noted that the 
superfluidity condition » < e/p is precisely the condition for this latter expression to be 
positive and finite for all energies. 
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But the integral 


os 


| upme)-4no# dp = | en(e) d3p 


is just the energy Eyn Of the phonon gas per unit volume, so that we have 
finally 
P = v-4E,),/3u?. (67.4) 

First of all, we see that the motion of the quasi-particle gas is accompanied 
by a transfer of mass: the effective mass per unit volume of the gas is deter- 
mined by the proportionality coefficient between the momentum P and the 
velocity v in (67.3) or (67.4). On the other hand, in the flow of a liquid along 
a capillary (say) there is nothing to prevent the “particles” of this gas from 
colliding with the walls of the tube and exchanging momentum with them. 
In consequence the excitation gas will be slowed down, like any ordinary gas 
flowing along a capillary. 

Thus we have the following fundamental result. At non-zero temperatures, 
part of the mass of the liquid will behave as a normal viscous liquid which 
“sticks” as it moves along the walls of the vessel; the remaining part of the 
mass will behave as a superfluid without viscosity. Here it is very important 
that there is “no friction” between these two parts of the mass of the liquid 
as they pass “through one another’, that is, there is no transfer of momentum 
from one to the other. For the existence of such motion of one part of the 
mass of the liquid relative to the other has been derived by the consideration 
of statistical equilibrium in a uniformly moving excitation gas. But if any 
relative motion can occur in a state of thermal equilibrium, it is not accom- 
panied by friction. 

It should be emphasised that the treatment of the liquid as a “mixture” of 
normal and superfluid “parts” is simply a form of words convenient for the 
description of the phenomena occurring in a quantum liquid. Like any 
description of quantum effects in classical terms, it is not entirely adequate. 
In reality we should say that in a quantum liquid there can exist simultane- 
ously two motions, each of which has a corresponding “effective mass” such 
that the sum of these two masses is equal to the actual total mass of the 
liquid. One of these motions is “normal’’, i.e. has the same properties as that 
of an ordinary viscous liquid; the other is “superfluid”. The two motions 
occur without transfer of momentum from one to the other. It is particularly 
emphasised that no distinction is made between “superfluid” and “normal”’ 
among the actual particles of the liquid. In a certain sense we can speak of 
superfluid and normal masses of liquid, but this does not mean that the liquid 
can really be separated into two such parts.‘ 


tConcerning the hydrodynamic properties of a superfluid liquid see Fluid Mechanics, 
Chapter XVI. 
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Formula (67.4) determines the normal part of the mass of the liquid at 
temperatures so low that all the elementary excitations may be regarded as 
phonons. Substituting the expression given by (66.3) for the energy of the 
phonon gas, we find for the normal part o,, of the density of the liquid 


On = QT */45h5U5, (67.5) 


To calculate the roton part of @,, we note that, since the rotons can be described 
by a Boltzmann distribution, 0n/de = —n/T, and from (67.3) 


= An a _ ] p?n i _ pn, 
(on = araeaps |? 4? = ar Gnns OP = 3F 7 


Since po? >> uT, we can put p = pp” with sufficient accuracy; also substitut- 
ing N, from (66.6), we have finally 
— n.2 — 2ut2pot —A/T 
(On), = poeN,/3TV = 3Gnpariags ° (67.6) 
The roton part of @, is comparable with the phonon part at about 0.6°K 
and predominates at higher temperatures. . 

As the temperature increases, an increasing fraction of the mass of the 
liquid becomes normal. At the point where the whole of the liquid mass 
becomes normal, the property of superfluidity disappears entirely. This is 
called the A-point of the liquid (2.19°K for helium) and is a phase transition 
point of the second kind. 

The part of the curve 0,(7) near the 4-point cannot be calculated exactly, 
of course. But because of the very rapid increase of 0,, given by (67.6) we may 
expect that the temperature of the A-point can be approximately obtained by 
putting e,/o = 1 and using that formula. Such a calculation gives a value 
2.8°K, in fair agreement with the true value. 

A phase transition of the second kind always involves the appearance or 
disappearance of some qualitative property (see §137). In the case of the 
A-point of liquid helium, this change can be macroscopically described as the 
appearance or disappearance of the superfluid component of the liquid. From 
the deeper microscopic viewpoint the change concerns certain properties of 
the density matrix of the atoms in the co-ordinate representation. This 
matrix 0(r’, r) is defined as the integral 


o(t’, r) = | P+’, gPlr, q) da, 


where Yr, q) is the wave function of the body, r denoting the radius vector of 
one particle and q the set of co-ordinates of all the other particles, the integra- 
tion being over the latter. For an isotropic body (a liquid) the density matrix 
depends only on the co-ordinate differences (r’—r|. For ordinary liquids the 
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value of g(r’, r) tends to zero when the distance r’—r increases indefinitely, 
but for a superfluid liquid the limit is not zero. 
The Fourier components of the density matrix, i.e. the integrals of the form 


| o(r’, rjetk-(r’—r) d3(r’ — pr), (67.7) 
are the same, apart from a constant factor, as 


(lf Pr, gjeik-r av) dq, 


i.e. they determine the probability distribution for the various values of the 
momentum p = “kof the particle. If o(r’, r) + 0 when |r’—r| — ©, then the 
probability density (in p-space) remains finite as p + 0, but if o(r’, r) has a 
finite value o0,, at infinity, the value of the integral (67.7) tends to infinity 
as p > 0, the integral being equal to (27)’0_6(k). This corresponds to a 
finite probability of zero momentum of the particle; it may be noted 
in passing that e@,,, which determines this probability, must be positive. 

Thus this property of the density matrix is equivalent to the statement that 
in a superfluid liquid, unlike a non-superfluid, a finite number of particles 
have zero momentum. However, to avoid misunderstanding we must empha- 
sise that these particles cannot be identified with the “superfluid part’’ of the 
liquid. Apart from the fact that such an identification could have no Jjustifica- 
tion, its incorrectness is seen from the fact that at absolute zero the whole of 
the liquid becomes superfluid, whereas by no means all its particles have zero 
momentum. 


§68. Quantum liquids with Fermi-type spectrum 


It has already been noted in §66 that any quantum liquid composed of 
particles with integral spin must have a Bose-type spectrum. A liquid com- 
posed of particles with half-integral spin, on the other hand, can also have a 
spectrum of another type, which may be called a Fermi-type spectrum; the 
liquid helium isotope He? is of this kind. It must be emphasised, however, 
that a spectrum of this type cannot be a universal property of liquids con- 
sisting of particles with half-integral spin. The type of spectrum depends also 
on the specific nature of the interaction between atoms. This is clear from 
the following simple consideration: if the interaction is such that it causes 
the atoms to tend to associate in pairs, then in the limit we obtain a 


t All these properties of the particle distribution function are evident consequences of 
the model discussed below (§78) of a slightly non-ideal Bose gas at temperatures close to 
zero, when it is certainly “superfluid”. 
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molecular liquid consisting of molecules with integral spin and therefore 
having a Bose-type spectrum. 

The energy spectrum of a Fermi-type quantum liquid has a structure which 
is to some extent similar to that of an ideal Fermi gas. The ground state of the 
latter corresponds to the case where all the quantum states of individual 
particles with momenta from zero to some po are occupied. The excited states 
of the gas occur when a particle goes from a state in the occupied band to a 
state with p > po. 

In a liquid, of course, there are no quantum states for individual particles, 
but to construct a spectrum of this type we start from the assumption that the 
classification of energy levels remains unchanged when the interaction be- 
tween the atoms is gradually “switched on’’, i.e. as we go from the gas to the 
liquid. In this classification the gas particles become the elementary excita- 
tions, whose number is equal to the number of atoms and which obey Fermi 
Statistics. 

Each of these quasi-particles has a definite momentum (we shall return 
later to the question of the validity of this assumption). Let n(p) be their 
momentum distribution function. The above principle of classification con- 
sists in supposing that, if this function is given, the energy E of the liquid is 
uniquely determined and that the ground state corresponds to a distribution 
function in which all quasi-particle states with absolute magnitudes of mo- 
mentum lying in a certain restricted interval are occupied. In the simplest but 
most natural case this interval extends, as in the gas, from zero to a certain 
limiting value po, forming a sphere in momentum space (called the Fermi 
sphere).' In other words, the ground state corresponds to a “step function” 
for the quasi-particle distribution, which ends abruptly at p = po. The value 
of po is related to the density of the liquid (number of particles per unit 
volume) by the same formula as for a gas. 

It is most important to emphasise that the total energy E of the liquid is 
not simply the sum of the energies ¢ of the quasi-particles. In other words, E 
is a functional of the distribution function in a general form, and does not 
reduce to the integral fne dt (as it does for a gas, where the quasi-particles 
are the same as the actual particles). 

Since the primary concept is £, the question arises how the energy « of a 
quasi-particle should be defined. 

We shall normalise the distribution function by the condition 


| icv, (68.1) 


t In principle it might be possible for a “cavity” to appear within this sphere during the 
gradual transition from a gas to a liquid, so that the ground state would correspond to the 
occupation of all states with absolute values of momentum lying in the interval between 
two finite non-zero values. 
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where N is the number of particles in the liquid of volume V, and dt here 
denotes d°p/(27h)*; this condition will later be made more precise. The change 
in E due to an infinitesimal change in the distribution function may be written 
as 


dE/V = | e on dt. (68.2) 


The quantity « is the functional derivative of the energy with respect to the 
distribution function, and corresponds to the change in the energy of the 
system when a single quasi-particle of momentum p is added. This quantity 
plays the part of the Hamiltonian of a quasi-particle in the field of the other 
particles. It is also a functional of the distribution function, i.e. the form of the 
function e(p) is determined by the distribution of all the quasi-particles in the 
liquid. 

In this connection it may be noted that an elementary excitation in the type 
of spectrum considered may in a certain sense be treated like an atom in the 
self-consistent field of other atoms. This self-consistency is, of course, not to 
be understood in the sense usual in quantum mechanics. Here its nature is 
more profound; in the Hamiltonian of the atom, not only is allowance made 
for the effect of the surrounding particles on the potential energy, but the 
dependence of the kinetic-energy operator on the momentum operator is 
also modified. 

It is easy to see that the quasi-particle distribution function is (in equilib- 
rium) an ordinary Fermi distribution, the particle energy being represented 
by the quantity « defined according to (68.2). For, because the energy levels 
of the liquid and of the ideal Fermi gas are classified in the same manner, the 
entropy of the liquid is determined by a similar combinatorial expression 


= =| {n log n+(1—n) log (1—n)} dt (68.3) 


to that for a gas (cf. (54.3)). Varying this expression with the additional 
conditions of constant total number of particles and constant total energy 
(the variation of the latter is given by formula (68.2)), we obtain the required 


distribution: 
n = 1/(e-4/T+1). (68.4) 


It must be emphasised, however, that, despite the formal analogy between this 
expression and the ordinary Fermi distribution, it is not precisely the same, 
since « is itself a functional of n, and formula (68.4) is therefore, strictly 
speaking, a very complicated implicit expression for 7. 

Hitherto we have ignored the possible spin of the quasi-particles. In reality 
all the quantities (, «, etc.) are not only functions of momentum but also 
operator functions of the operator (matrix) of the spin S of the quasi-particles. 
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If the liquid is in thermal equilibrium, it is homogeneous and isotropic; the 
scalar quantity « can then depend only on scalar arguments. The operator 
$ can therefore appear only in the form 8? or (S-p)?; the first power of the 
product S-p is inadmissible, since the spin vector is axial and this product is 
therefore a pseudoscalar, not a true scalar. For spin 4+ we have s? = 3, 
(S-p)? = 4p?, so that § does not appear. Thus in this case the energy of a 
quasi-particle is independent of its spin. 

The fact that < is independent of the spin signifies that all the energy levels 
of the quasi-particles are doubly degenerate. The statement that a quasi- 
particle has spin is essentially an expression of the existence of this degener- 
acy. In this sense we can say that the spin of the quasi-particles in a spectrum 
of the type considered is always 4, whatever the spin of the actual particles 
in the liquid. For with any spin s other than 4 the terms of the form (S-p)? 
would give a splitting of the (2s+1)-fold degenerate levels into 4(2s+1) 
doubly degenerate levels. In other words, 4(2s+ 1) different branches of the 
function «(p) appear, each corresponding to quasi-particles “with spin 4’’. 

To simplify the formulae, we shall assume in what follows that all quanti- 
ties are independent of the spin operator. Then the presence of spin 4 can be 
taken into account by including a factor 2, which we shall incorporate in the 
definition of dt: . 

dt = 2 d’p/(2xh)°. 
When spin dependence is present, the formulae are modified only in that the 
integration over phase space must be accompanied by the taking of the trace 
of matrix functions. 

Let us now return to the assumption made above that a definite momentum 
can be assigned to each quasi-particle. The condition for this assumption to 
be valid is that the uncertainty of momentum (due to the finite mean free 
path of the quasi-particle) should be small not only in comparison with the 
momentum itself but also in comparison with the width of the “transition 
zone”’ of the distribution (over which it differs appreciably from a step func- 
tion). It is easy to see that this condition is satisfied if the distribution n(p) 
differs from a step function only by a fairly small deviation near the limiting 
momentum, i.e. near the surface of the Fermi sphere. For, by PAULI’s prin- 
ciple, only quasi-particles in the transition zone of the distribution can un- 
dergo mutual scattering, and as a result of this scattering they must enter free 
states in that zone. Hence the collision probability is proportional to the 
square of the width 4p of the zone. Accordingly, the uncertainty of momen- 
tum due to scattering processes is also proportional to (Ap). It is therefore 
clear that, when Ap is sufficiently small, the uncertainty in momentum will 
be small in comparison not only with po but also with Ap. 

Thus the method described is valid only for excited states of the liquid 
which are described by a quasi-particle distribution function differing from 
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a step function only in a small region near the upper limit. In particular, for 
thermodynamic equilibrium distributions only sufficiently low temperatures 
(small compared with the degeneracy temperature Jo) are permissible. In 
these conditions we can, as a first approximation, replace the functional e in 
(68.4) by its value calculated for a step-function distribution. Then e becomes 
an entirely definite function of the magnitude of the momentum, and formula 
(68.4) reduces to the ordinary Fermi distribution. 

Thus the function e(p) has a direct physical significance only in the neigh- 
bourhood of the surface of the Fermi sphere. Expanding this function in 
powers of p — po there, we have 


Ae = é—-e~= Vo(Pp — Po); (68.5) 


where 
vo = [8¢/@p]p—ne (68.6) 


is the “velocity” of the quasi-particles on the Fermi surface.‘ In an ideal 
Fermi gas, where the quasi-particles are identical with the actual particles, 
we have e¢ = p?/2m, and so vo = Po/m. By analogy we can define for a Fermi 


liquid the quantity 
m* = po/Vo, (68.7) 


called the effective mass of the quasi-particles.+ 

This quantity determines, in particular, the specific heat of the liquid at 
low temperatures, which is given by the same formula (57.6) as for a gas, 
with m replaced by m*. This follows from the fact that the expression (68.3) 
for the entropy in terms of the distribution function is the same for a liquid 
and for a gas, and so is the expression (68.4) for the distribution function in 
terms of ¢, and in calculating the integral (68.3) only the interval of momenta 
near Po is important. 

Let de denote the change in energy of a quasi-particle caused by a small 
deviation of the distribution function from step-function form. This quantity 
must be a linear functional: 


de(p) = | Jp, p’) on’ dr’. (68.8) 


The function f(p, p’) is the second functional derivative of E, and is therefore’ 
symmetrical in the variables p and p’. It plays an important part in the 
theory of the Fermi liquid. In the ideal-gas approximation, f = 0. 


t It may be noted that a spectrum of this type does not admit the appearance of super- 
fluidity. In the discussion in §67 it is now necessary to write Je in place of e, and the 
inequality (67.2) » > Ae/p can be satisfied for any v. 

t For liquid He®, po/f = 0.8X 108 cm—1, m* = 2.4m,,,3. It may also be noted that for 
liquid He? the theory given here is quantitatively valid only for temperatures up to a few 
tenths of a degree. 


§68 Quantum Liquids with Fermi-type Spectrum 201 


The function f depends, in general, not only on the momenta but also on 
the spins. Whereas the fundamental distribution is isotropic, the function f will 
in general contain terms of the form ¢;,,(p, p’)§,5,. In particular, the exchange 
interaction of the quasi-particles leads to terms of the form ¢(p, p’)S+s’. 
Below, however, we shall assume for simplicity that the function / is inde- 
pendent of the spins. 

In the absence of an external field, the momentum of the liquid per unit 
volume is the same as the current density of mass; this follows directly from 
GALILEO’s relativity principle. The velocity of a quasi-particle is 0e/Op, and 
so the quasi-particle current is given by f (Oe/Op) dt. Since the number of 
quasi-particles in the liquid is equal to the number of actual particles, it is 
clear that, in order to obtain the total transfer of mass by quasi-particles, 
we must multiply their number current by the mass m of an actual particle. 
Thus we obtain the equation 


| pn dt = [ meereny dt. (68.9) 
Varying both sides of this equation and using (68.8), we have 
[pon ar= m5 on dc tm ([ Pn on’ dt dt’ 
= mS on dt — m| FQ, p’) én dt dt’; 


in the second integral on the right we have renamed the variables of integra- 
tion and integrated by parts. Since 6n is arbitrary, this gives 


Lae | fae (68.10) 


Let us now apply this relation to momenta near the boundary of the Fermi 
distribution, at the same time replacing the distribution function by a step 
function. Then the energy « is a function of momentum for which the ex- 
pression (68.5) may be used, and the derivative 0n/Op is essentially a delta 
function: 0n/Op = —(p/p)6(p—po). This enables us to integrate over the 
magnitude of the momentum in (68.10): 


On’ 2p'?dp'do’ _ _—2po pass 
oy eae ~ Ga | Po 


In the function /(p, p’) both arguments are taken to have magnitude po, so 
that f actually depends only on the angle @ between po and p,’. Substituting 
this result in (68.10), multiplying both sides by po and then dividing by p,”, we 
obtain the following relation between the actual mass of the particles and the 
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effective mass of the oe 


1 1 
mm m*t Dons aT 4 { Feos 6 do’. (68.11) 


Finally, let us calculate the compressibility of a Fermi liquid (at absolute 
zero) or, what is the same thing, the velocity of sound in it, which is the 
square root of the compressibility.‘ The density of the liquid is 0 = mN/V, 
and the square of the velocity of sound is 


=l eT, Oo — 


For T = 0, S = O also, and so it is not necessary to distinguish the isothermal 
and adiabatic compressibilities. To calculate this derivative we may express 
it in terms of the derivative of the chemical potential. Since the latter depends 
on N and V only through the ratio N/V, we have 

OH  Vow_ Vor. 

aN. NOV N®oPr’ 


for T = constant = 0, du = —V dP/N. Thus 


N Op 


2 
~ m ON’ 


(68.12) 
Since u = e(po) = éo, the change dy resulting from a change in the number 


of particles by 6N is 


bu = | finde ope: (68.13) 
OPo 


The second term appears because a change in the total number of particles 
also affects the value of the limiting momentum, 6N and dpo being related by 


2-4np,2dpoV |(2nh)® = ON. 


Since én’ is appreciably different from zero only when p = po, we can 
write for the integral in (68.13) 


| f on! dv’ = | f do’ ) bn! de’ /4n = | f do’ 8N/4nV. 


Substituting this in (68.13) and putting O&9/Op0 = po/m*, we obtain 


Ou _ (on)? 
aN aap [fe + Spom*V" 


t It must be remembered, however, that in practice ordinary sound could not be Pro- 
pagated in a Fermi liquid at absolute zero, since its viscosity increases without limit as 
T- 0. 
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Finally, substituting m* from (68.11) and multiplying by N/m = 2-4ap,3V/ 
3(2xh)?m, we have 
u2 = Pot pe (3) 4 {sa —cos 8) do’. (68.14) 
3m? 6m \2nh 

If the function f depends on the spins of both particles, the factor 4 before 
the integrals in (68.11) and (68.14) must be replaced by the trace taken over 
both spin variables. 

The above type of energy spectrum for a Fermi liquid may be unstable in 
certain conditions. The liquid then enters a state characterised by a spectrum 
of a different type (with an “energy gap’), in which it has the property of 
superfluidity. This is caused by the existence of forces of attraction between 
the atoms of the liquid at sufficiently low temperatures. The nature of the 
resulting spectrum will be discussed in §80, using the model of a Fermi gas 
with a weak attraction between particles.’ 


§69. The electronic spectra of metals 


The concept of elementary excitations is also needed in order to describe 
the electronic spectra of solids. The electron shells of the atoms in a crystal 
interact strongly with one another, and so it is not possible to speak of the 
energy levels of individual atoms, but only of levels for the assembly of 
electron shells of all the atoms in the whole body. The nature of the electronic 
spectrum is different for different types of solid. 

An “electron liquid” in a normal (not superconducting) metal has a spect- 
rum of the Fermi type discussed in §68. Such a spectrum has, as we have seen, 
a structure similar to that of the spectrum of an ideal Fermi gas. In the pres- 
ent case, however, we are concerned with electrons in an external electric 
field created by the nuclei of the atoms (which we regard as fixed in their 
equilibrium positions at the lattice sites). We must therefore ascertain first of 
all the properties which an “ideal gas” of electrons would have in such a 
field. This problem is equivalent to that of the behaviour of a single electron 
in an external field periodic in space; the latter problem was first considered 
by F. BLocu (1929). The periodicity of the field means that it is unchanged 
in a parallel displacement by any vector of the form a = 5,a;+52a2+ 5383, 
where aj, a2, a3 are the basic lattice vectors: 

U(r+a) = U(r). (69.1) 
Hence the SCHRODINGER’s equation which describes the motion of an electron 
in such a field is also invariant under any transformation r - r+a. 

t When the temperature is sufficiently low this effect must ultimately occur in liquid 
He? (as shown by L. P. PrrarvskIi, 1959). The reason is that in the interaction of neutral 


atoms there is always a range of distances (large compared with atomic dimensions) where 
there is attraction, called the van der Waals attraction; see Quantum Mechanics, §89. 
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From this it follows that, if p(r) is the wave function of a stationary state, 
then (r+a) is also a solution of SCHRODINGER’s equation, and describes the 
same state of the electron. This means that the two functions must be the 
Same apart from a constant factor: y(r+a) = constant Xy(r). It is evident 
that the constant must be of unit modulus, since otherwise the wave function 
would tend to infinity on repeating the displacement through a (or —a) an 
unlimited number of times. The general form of a function having this prop- 
erty is 

Wnk(T) = eik-ry,4.(r), (69.2) 


where k is an arbitrary (real) constant vector and u,, a periodic function: 
Unx(F +A) = Uny(F). (69.3) 


For a given value of k, SCHRODINGER’s equation has in general an infinity 
of different solutions, corresponding to an infinite discrete set of different 
values of the electron energy e(k), and labelled by the suffix n in y,,. A similar 
suffix (frequently called the energy band number) must be added to the various 
branches of the function ¢ = ¢,(k).' 

All the functions y,, with different n or k are, of course, orthogonal. In 
particular, the orthogonality of the functions u,, follows from that of the 
WYn_x With different n and the same k, and because of their periodicity the 
ntegration need be taken only over the volume v of one unit lattice cell. With 
the appropriate normalisation, 


| Un'g*Unk AV = Spy’. (69.4) 


The significance of the vector k is that its value determines the behaviour 
of the wave function under translation, this function being multiplied by 
e*® when r + r+a: 

Prk +a) = e* ypu (1). (69.5) 


Hence it follows immediately that the value of k is by definition non-unique: 
values differing by a vector of the form 2b (where b denotes, as in §65, any 
vector of the reciprocal lattice) lead to the same behaviour of the wave func- 
tion under translation (since the factor e**+27b)-® — el) In other words, 
such values of k are physically equivalent; they correspond to the same state 
of the electron, i.e. the same wave function. We may say that the functions 
Wnk are periodic (with the periods of the reciprocal lattice) with respect to the 
suffix k: 

Wn, k+2enb(F) = Pnk(F). (69.6) 


tThe general properties of the multi-sheet hypersurface ¢ = ¢,(k,, k,,k,) resulting 
from the symmetry of the lattice are the same as those of the phonon hypersurface w = 
o(k,, ky, k,) mentioned in §65. 
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The energy is likewise periodic: 
€,(k+2nb) = e€,(k). (69.7) 


The functions (69.2) bear a certain similarity to the wave functions of the 
free electron, p = constant Xe'P'"*, the conserved momentum being rep- 
resented by the constant vector p = 4k. As with the phonon, we are again 
led to the concept of the “quasi-momentum” of an electron in a periodic 
field. It should be emphasised that there is no actual conserved momentum 
in this case, since there is no law of conservation of momentum in an external 
field. Nevertheless, it is worth noting that an electron in a periodic field is 
still characterised by a certain constant vector.* 

All the physically different values of the vector k/27 lie in a single unit 
cell of the reciprocal lattice. The “volume” of this cell is 1/v, where v is the 
volume of a unit cell in the crystal lattice itself (see §135). On the other hand, 
the volume of k-space, divided by (27)', gives the number of corresponding 
states “belonging” to a finite (unit) volume of the body. Thus the number of 
states (per unit volume of the crystal) included in each energy band is 1/2, 
i.e. equal to the number of unit cells. 

Let us next consider two electrons in a periodic field. Considering them 
together as one system with wave function (ri, r2), we find that, under a 
parallel displacement (r1 ~ rita, re ~ re+a), this function must be multi- 
plied by a factor of the form e™’*, where k may be called the quasi-momentum 
of the system. On the other hand, when the distance between the electrons is 
large, y(r1, rz) reduces to the product of the wave functions of the individual 
electrons and is multiplied by e**"8e'*2"* in the translation. 

The equation e**"® = et(ki+™)-® shows that 

k = ki+k.+2m7b. 
t In astationary state with a given quasi-momentum hk, the true momentum can take an 


infinite number of values of the form A(k+ 2b) with different probabilities. This follows 
from the fact that the expansion of a periodic function in Fourier series has the form 


unk = Y Qnkpe2 br, 
b 


and so the expansion of y,_ (69.2) in plane waves is 
pak = )° ankbe(k+27b)-r, 
b 


The property (69.6) signifies that the coefficients in this expansion must depend on k and 
b only through the sum k+2zb, so that we can write 


Yak = 1%, keno, (69.2a) 
b 


The two properties (69.5) and (69.6) appear explicitly from this representation of the wave 
function, Equating (69.2) and (69.2a) and integrating over the volume of the unit cell, we 
obtain 


1 
Ane = | u(r) de. 
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Hence, in particular, it follows that, in a collision of two electrons moving in 
a periodic field, the sum of their quasi-momenta is conserved apart from a 
vector of the reciprocal lattice: 


kit+ke = k,+k,+2qb. 


A further analogy between the quasi-momentum and the true momentum 
is seen when we determine the mean velocity of the electron. To calculate this, 
we must know the velocity operator ¥ = f in the k representation. The opera- 
tors in this representation act on the coefficients c,, in an expansion of an 
arbitrary wave function y in terms of the eigenfunctions y,,, (69.2): 


yr y ( CnkY nk d3k. (69.8) 
nr 
Let us first find the operator f. We have identically 


* x) ore «) 
y= Y | nar dk = E | eu (3 ae tie | dk. 


In the first term we integrate by parts, while in the second term we expand 
the function ou,,/0k (which, like u,, itself, is periodic) in terms of the set 
of mutually orthogonal functions wu, with the same k, writing the expansion 
in the form 

Sin 


Kk Pm k (69.9) 
Then we obtain 
Cn 
ry=)) | Pnul EdSk+i = Cre Qik Pmk Ak 


=> x | 1S OCnk +iy) Orta Yak Bk. 


On the other hand, from the definition of the operator F we must have 


=> | (Remedvme PK. 
n : 


Comparing this with the expression obtained above, we find 
f = i0/0k+i0, (69.10) 


where the operator § is specified by its matrix Qm* It is important to notice 
that this matrix is diagonal with respect to the suffix k. 

The velocity operator is obtained, according to the general rules, by com- 
muting the operator r with the Hamiltonian. In the k representation, the 
Hamiltonian is just the energy e(k) expressed as a function of k. Hence we 
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have 
¥ = (i/h) (ef —fe) 
1 0 0 lpaA az 
=—-7 Ca a | (ce? —2e), 
or 
~ 1 de&k) 
$= 5 +i. (69.11) 


The matrix elements of Q are related to those of 2 by 
: I 
Qk = h [En(k) — Em(k)]Qrs, : 


We see from this that Qrk = 0, ie. @ has no elements diagonal in the band 
number. 

The mean value of the velocity is equal to the diagonal matrix element of 
the operator (69.11). Using the above result we have 


v = de(k)/AOk, (69.12) 


in complete analogy to the usual classical relation. 

Thus we have elucidated the main fundamental differences between the 
nature of the classification of states for a free electron and an electron in a 
periodic field. For the former, the particle energy is uniquely determined by 
its momentum, which can take a continuous and unlimited range of values. 
For the latter, the continuous parameter is represented by the quasi-momen- 
tum, and all its physically non-equivalent values lie in a finite interval—the 
reciprocal lattice cell. In addition to this continuous parameter, the electron 
energy depends also on a discrete quantum number, the band number.t 
In each band the energy takes values in a certain finite interval; it is important 
to note that different bands may partly overlap (though retaining their 
“individuality”, of course, since a different dispersion relation « = e,(k) cor- 
responds to each band). 

All these properties apply to the classification of levels in the spectrum of 
an electron Fermi liquid in a metal, the particles (electrons) being represented 
by quasi-particles. An important characteristic of this spectrum for any partic- 
ular metal is the shape and position of the limiting Fermi surface in k-space 
(the reciprocal lattice). This surface may have various and in general compli- 
cated forms. It may be singly or multiply connected, closed or open. The 
latter means that the Fermi surface may enclose certain finite regions of the 
reciprocal lattice cell, or it may cut off a part of the cell volume bounded by 
the faces of the cell. If we imagine the Fermi surface to be continued in a 
periodic manner throughout the reciprocal lattice, each cell will contain 


t The dependence on the spin projection (in a non-magnetic metal) is very slight, and we 
shall ignore it. 
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similar closed regions, but the open surfaces will run continuously throughout 
the reciprocal lattice. We shall not pause here to make a detailed study of the 
topological properties of Fermi surfaces, which affect the kinetic properties 
of the metal rather than its thermodynamic properties. 

It is important to note that the Fermi surface, being a surface of equal 
energy ¢,(k) = pw (the limiting energy is the same as the chemical potential 
# at absolute zero), in general comprises various sheets corresponding to 
several overlapping bands (the value of yu is, of course, the same for all bands). 

In an isotropic “free” Fermi liquid, as discussed in §68, the Fermi surface 
is a sphere whose radius is determined by the density of the liquid. A similar 
relation applies to the electron liquid in a metal, but the specific features 
resulting from the periodicity of the lattice field lead to some changes in the 
way in which this relation is formulated. 

The number of electrons in the metal may conveniently be referred to one 
unit lattice cell. Let » be the total number of electrons in the atoms in one 
cell, and let 4,,, denote the fraction of the reciprocal lattice cell volume lying 
“below” the Fermi surface of the nth energy band (i.e. the part of the volume 
in which e,(k) < yu). Then the relation 


y—21 = 2. App (69.13) 
nr 


holds, where / is some integer and the factor 2 on the right-hand side takes 
into account, as usual, the two orientations of the quasi-particle spin. The 
intuitive significance of the particular feature of this relation—the subtraction 
of an even integer from »—is clear from the analogy with the spectrum of an 
ideal Fermi gas (in a periodic field). The number 2/ corresponds to electrons. 
completely occupying the / lowest bands, so that the position of the limiting 
energy in the partly occupied bands is determined by the number of electrons 
which belong only to these bands. 

In accordance with the same analogy with the ideal-gas spectrum, we can 
say that each quasi-particle transports in its motion a charge equal to that 
of the electron.t 

It has already been mentioned in §68 that the function «(p) has direct 
physical significance as the energy of a quasi-particle only in the neighbour- 
hood of the Fermi surface. This neighbourhood also determines the electronic 
parts of the thermodynamic quantities for the metal (the principal terms in 
their expansions at temperatures considerably below the degeneracy tem- 
peraturet), The difference from an ideal gas arises, in this approximation, 


t We may note that on the basis of very general considerations we can certainly exclude 
the possibility that the effective charge carried by a quasi-particle is not constant but depends 
on the state of the metal. In an inhomogeneous body this charge would then vary through 
the body, and this would violate the gauge invariance of the equations of electrodynamics. 

¢ For most metals the electron degeneracy temperature is of the order of 10‘ degrees. 
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only from the different number of states of the quasi-particles near the Fermi 
surface.t 

Let the number of states (per unit volume of the metal) belonging to the 
energy range de be o de. The volume element in p-space between infinitely 
close surfaces of equal energy and u+de is dfde/v, where df is an element 
of area on the Fermi surface, and v the magnitude of the vector v = Ge/Op nor- 
mal to that surface (the quasi-particle “velocity” on the Fermi surface). Hence 


= Geaph | oo (69.14) 


where 7 is the band number and the integration is over the whole of the Fermi 
surface within one reciprocal lattice cell (when the Fermi surface is an open 
one, the cell faces are not, of course, included in the region of integration). 
The quantity (69.14) replaces in the thermodynamic quantities the express- 
ion which for a gas of free particles (where the Fermi surface is a sphere of 
radius po) has the form 
2 4p? _ mpo 
(27h)8 polm — Ph” 


For example, the thermodynamic potential 2 of a metal is (cf. (57.2)) 
Q= Qo—ZatQVT?; | (69.15) 


the term Qo includes the lattice part of the potential and the contribution 
from the electrons for T = 0. Regarding the second term in (69.15) as a small 
correction to Qo, we can (cf. §§57 and 64) write down a similar formula for 
‘the thermodynamic potential ®: 


@ = Do—Em°QVT? (69.16) 


where now @ and V are assumed to be expressed in terms of P and T (in the 
“zero-order approximation”). 

Determining the entropy from (69.16), and then the specific heat, we find 
for the electron contribution to the latter 


C, = +n°0VT. (69.17) 


The total specific heat of the metal consists of the electron and lattice parts. 
The latter is proportional to T? (for T< Q), so that at sufficiently low tem- 
peratures the electron contribution to the specific heat becomes predominant. 

For the same reason, the electron contribution to the thermal expansion 
of the metal also becomes predominant in this range of temperatures. 


t To avoid misunderstanding, we should emphasise that formulae (68.11)—(68.14) derived 
in §68 for a Fermi liquid not in an external field do not, of course, apply to an electron 
liquid in a metal. 
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Determining from (69.16) the volume V = 0@/0P and hence the thermal ex- 
pansion coefficient «a = (1/V)(OV/8T) >, we find 


wm 0 
Xe = —T 35 ap (Ve). (69.18) 


It may be noted that here, as also in the high-temperature range (see §64), 
the ratio «/C is independent of temperature. 

The interaction between electrons and lattice vibrations (phonons) causes 
no qualitative change in the energy spectrum of a normal metal, and is 
important only as regards kinetic effects, but it causes the appearance of a 
. certain effective attraction between the electrons, the mechanism of which may 
be described as an exchange of a phonon in the mutual scattering of two 
electrons. When this effect is sufficiently large, it may predominate over the 
Coulomb repulsion of the electrons, and so there may occur at low tempera- 
tures the change in the nature of the spectrum mentioned at the end of §68 
and the appearance of superconductivity. 


§70. The electronic spectra of solid dielectrics 


The principal feature of the energy spectrum of a dielectric non-paramag- 
netic crystal (a topic first discussed in 1931, by Ya. I. FRENKEL’) is that even 
the first excited level is at a finite distance from the ground state—that is, 
there is an “energy gap” between the ground level and the spectrum of ex- 
cited levels. The existence of this gap, which in ordinary dielectrics is of the 
order of a few electron-volts, means that the “electronic parts” of the thermo- 
dynamic quantities are exponentially small (proportional to e~“/7, where 4 
is the width of the gap). 

An elementary excitation in the spectrum under consideration can be intui- 
tively described as an excited state of an individual atom, but this state can 
not be assigned to any particular atom; it is “collectivised” and is propagated 
in the crystal in the form of an “excitation wave”, as it were jumping from 
one atom to another. As in other cases, these excitations may be regarded as 
quasi-particles, here called excitons, which have definite energies and quasi- 
momenta. Like all excitations that can appear singly, excitons have integral 
angular momenta and obey Bose statistics. 

For a given value of the quasi-momentum p, the energy of an exciton can 
take a discrete series of different values ¢,(p). The components of the quasi- 
momentum can take, as we know, a continuous series of values in finite inter- 
vals, and for each n the function <,(p) gives a “band” of exciton energy values; 
different bands may partly overlap. The least possible value of the functions 
€,(p), i.e. the least possible energy of the exciton, as already mentioned, is 
not zero. 
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As well as excitons, excitations of another type may be present in a dielec- 
tric. These may be regarded as resulting from the ionisation of individual 
atoms. Each such ionisation causes the appearance in the dielectric of two 
independently propagated “particles”: an electron and a “hole”. The latter 
is a “lack” of one electron in an atom, and therefore behaves as a positively 
charged particle. Here again, when speaking of the motion of electrons and 
holes in a crystal, we really mean of course certain “collective” excited states 
of the electrons in the dielectric which (unlike the exciton states) are accom- 
panied by the transfer of a negative or positive unit charge. 

Electrons and holes have half-integral spin and obey Fermi statistics, but 
this does not mean that the electron-hole spectrum of a dielectric resembles 
the Fermi-type spectrum described in §68. A characteristic feature of the 
latter is the existence of a limiting value po of the momentum, but in the pres- 
ent case there is no such quantity, and an electron and hole appearing simul- 
taneously can have entirely arbitrary quasi-momenta. 

The electron and the hole have a Coulomb interaction. The spectrum of 
eigenvalues of the energy of particles with Coulomb attraction consists of a 
discrete series of negative levels which become increasingly close together as 
the value zero is approached, at which a continuous spectrum of positive 
values begins. In the present case the discrete levels correspond to exciton 
excitations (“bound” electrons and holes) and the continuous levels to elec- 
tron-hole excitations. We can therefore say that, for a given value of the quasi- 
momentum, the possible values of the exciton energy form a discrete series 
which become increasingly close together as the energy increases and pass into 
a continuous series of values corresponding to a freely moving electron and 
hole. 

In the foregoing discussion the electron spectrum has been considered in 
isolation from the motion of the atomic nuclei, which have been assumed 
fixed at the crystal lattice sites. This assumption is by no means always Jjusti- 
fied. The interaction of the electrons with the lattice vibrations may be so 
strong that the above treatment is inadmissible. In a dielectric, the interaction 
of an electron with the vibrations of the lattice deforms it in the vicinity of 
the electron, and this deformation, of course, considerably affects also the 
motion of the electron itself. An electron together with the lattice deforma- 


tion which it causes is called a polaron, a concept first used by S. I. PEKAR 
(1946). 


§71. Negative temperatures 


Let us now consider some peculiar effects related to the properties of para- 
magnetic dielectrics. In such substances the atoms have angular momenta, 
and therefore magnetic moments, which are more or less freely oriented. The 
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interaction of these moments (magnetic or exchange interaction, depending 
on their distance apart) brings about a new “magnetic” spectrum which is 
superposed on the ordinary dielectric spectrum. 

This new spectrum lies entirely within a finite interval of energy, of the 
order of magnitude of the energy of interaction of the magnetic moments of 
all the atoms of the body, lying at fixed distances apart at the crystal lattice 
sites; the amount of this energy per atom may be from tenths of a degree to 
hundreds of degrees. In this respect the magnetic energy spectrum is comple- 
tely different from the ordinary spectra, which, owing to the presence of the 
kinetic energy of the particles, extend to arbitrarily high energy values. 

Because of this property we can consider an interval of temperatures large 
compared with the maximum possible interval of energy values per atom. 
The free energy Fy,,, pertaining to the magnetic part of the spectrum is cal- 
culated in exactly the same way as in §32. 

Let E,, be the energy levels of the system of interacting moments. Then 
we have for the required partition function 


ao 
=¥ (7 +575): 


Here, as in §32, a formal expansion in powers of the quantity E,,/7, which is 
not in general small, will give (after taking logarithms) an expansion in terms 
of a small quantity ~E,,/NT, where N is the number of atoms. The total num- 
ber of levels in the spectrum under consideration is finite and equal to the 
number of all possible combinations of orientations of the atomic moments; 
for example, if all the moments are equal, this number is g%, where g is the 
number of possible orientations of an individual moment relative to the lattice. 
Denoting by a bar here the ordinary arithmetic mean, we can write Zpag as 


eee 
Zmae = s\(I—g Ext ype Eo 2), 


Finally, taking logarithms and again expanding in series with the same accu- 
racy, we obtain for the free energy the expression 
Fmag = —T log Zmag 
= —NT log g+E,— 7 (E,-E, (71.1) 
Hence the entropy is 


Smag =N log g— m xs (Ep —E,,), (71.2) 
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the energy 


— 1 —T_ 
Enag = En-7 (E,,—En)*, (71.3) 


and the specific heat 
1 —-—- ; 
Cmag ~ 72 (En —E,,)*. (7 1 4) 


We shall regard the atomic magnetic moments fixed at the lattice sites and 
interacting with one another as a single isolated system, ignoring its interac- 
tion with the lattice vibrations, which is usually very weak. Formulae (71.1)- 
(71.4) determine the thermodynamic quantities for this system at high tem- 
peratures. 

The proof given in §10 that the temperature is positive was based on the 
condition for the system to be stable with respect to the occurrence of internal 
macroscopic motions within it. But the system of moments here considered is 
by its nature incapable of macroscopic motion, and so the previous arguments 
do not apply to it; nor does the proof based on the normalisation condition 
for the Gibbs distribution (§36), since in the present case the system has only 
a finite number of energy levels, themselves finite, and so the normalisation 
sum converges for any value of T. 

Thus we have the interesting result that the system of interacting moments 
may have either a positive or a negative temperature. Let us examine the prop- 
erties of the system at various temperatures. 

At T = 0, the system is in its lowest quantum state, and its entropy is zero. 
As the temperature increases, the energy and entropy of the system increase 
monotonically. At T = o, the energy is E, and the entropy reaches its maxi- 
mum value N log g; these values correspond to a distribution with equal 
probability over all quantum states of the system, which is the limit of the 
Gibbs distribution as T > . 

The temperature J = — o is physically identical with T = -«; the two 
values give the same distribution and the same values of the thermodynamic 
quantities for the system. A further increase in the energy of the system corre- 
sponds to an increase in the temperature from T = — ©, with decreasing abso- 
lute magnitude since the temperature is negative. The entropy decreases mono- 
tonically (Fig. 9).t Finally, at T = 0 — the energy reaches its greatest value 
and the entropy returns to zero, the system then being in its highest quantum 
state. 

Thus the region of negative temperatures lies not “below absolute zero” 
but “above infinity’’. In this sense we can say that negative temperatures are 
“higher’’ than positive ones. This is in accordance with the fact that, when a 


+ The curve S = S(E) is symmetrical near its maximum, but in general need not be sym- 
metrical far from the maximum. 


H 
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system at a negative temperature interacts with one at a positive temperature 
(i.e. the lattice vibrations), energy must pass from the former to the latter 
system ; this is easily seen by the same method as that used in §9 to discuss the 
exchange of energy between bodies at different temperatures. 

States with negative temperature can be attained in practice in a paramag- 
netic system of nuclear moments in a crystal where the relaxation time f2 for 


S 


TzO+ T=to0o T=0- 
Fic. 9 


the interaction between nuclear spins is very small compared with the relaxa- 
tion time ¢, for the spin-lattice interaction (E. M. PURCELL and R. V. PouND 
1951). Let the crystal be magnetised in a strong magnetic field, and let the 
direction of the field then be reversed so quickly that the spins “cannot fol- 
low it”. The system is thus in a non-equilibrium state, with an energy which 
is obviously higher than E,. During a time of the order of fz, the system reaches 
an equilibrium state with the same energy. If the field is then adiabatically 
removed, the system remains in the equilibrium state, which will clearly 
have a negative temperature. The subsequent exchange of energy between the 
spin system and the lattice, whereby their temperatures are equalised, takes 
place in a time of the order of 13. 


CHAPTER VII 


NON-IDEAL GASES 


§72. Deviations of gases from the ideal state 


THE equation of state of an ideal gas can often be applied to actual gases with 
sufficient accuracy. This approximation may, however, be inadequate, and it 
is then necessary to take account of the deviations of an actual gas from the 
ideal state which result from the interaction between its component mole- 
cules. 

Here we shall do this on the assumption that the gas is still so rarefied that 
triple, quadruple etc. collisions between molecules may be neglected, and their 
interaction may be assumed to occur only through binary collisions. 

To simplify the formulae, let us first consider a monatomic actual gas. 
The motion of its particles may be treated classically, so that its energy has 
the form 


N 2 
E(p,g= ¥ a +U, (72.1) 
a=1 


where the first term is the kinetic energy of the N atoms of the gas, and U is 
the energy of their mutual interaction. In a monatomic gas, U is a function 
only of the distances between the atoms. The partition function fe~# 9/T ar 
becomes the product of the integral over the momenta of the atoms and the 
integral over their co-ordinates. The latter integral is 


[ewan ... Vy, 


where the integration over each dV, = dx, dy, dz, istaken over the whole 
volume V occupied by the gas. For an ideal gas, U = 0, and this integral 
would be simply V™. It is therefore clear that, on calculating the free energy 
from the general formula (31.5), we obtain 


F= Fg—T los py | --- [ e-% dVi...dVy, (72.2) 


where Fj, is the free energy of an ideal gas. 
Adding and subtracting unity in the integrand and using the fact that 
f dVy...dVy = VY, we can rewrite formula (72.2) as 


F = Fiq—T log {yw | fern ars “a avy +t (72.3) 
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For the subsequent calculations we make use of the following formal 
device. Let us suppose that the gas is not only sufficiently rarefied but also so 
small in quantity that not more than one pair of atoms may be assumed to be 
colliding in the gas at any one time. This assumption does not affect the gen- 
erality of the resulting formulae, since we know from the additivity of the free 
energy that it must have the form F = Nf(T, V/N) (see §24), and therefore 
the formulae deduced for a small quantity of gas are necessarily valid for any 
quantity. 

The interaction between atoms is very small except when the two atoms 
concerned are very close together, i.e. are almost colliding. The integrand in 
(72.3) is therefore appreciably different from zero only when some pair of 
atoms are very close together. According to the above assumption, not 
more than one pair of atoms can satisfy this condition at any one time, and 
this pair can be selected from N atoms in 4N(N—1) ways. Consequently, the 
integral in (72.3) may be written 


even |... [ (etwas ... dVy, 


where U2 is the energy of interaction of the two atoms (it does not matter 
which two, as they are all identical); Uig depends only on the co-ordinates of 
two atoms, and we can therefore integrate over the remaining co-ordinates, 
obtaining V"-?. We can also, of course, write N? instead of N(N—1), since 
N is very large; substituting the resulting expression in (72.3) in place of the 
integral, and using the fact that log (1+x) ~ x for x < 1, we havet 

TN? 
ap2 


where dV; dV. is the product of differentials of the co-ordinates of the two 
atoms. 

But Uj2 is a function only of the distance between the two atoms, i.e. of 
the differences of their co-ordinates. Thus, if the co-ordinates of the two 
atoms are expressed in terms of the co-ordinates of their centre of mass and 
their relative co-ordinates, U2 will depend only on the latter (the product of 
whose differentials will be denoted by dV). We can therefore integrate with 
respect to the co-ordinates of the centre of mass, again obtaining the volume 
V. The final result is 


F=Fa- | (e- UsIT — 1) dV, dV, 


F = Fig+N?TBT)/V, (72.4) 
where 


BT) = 4 | (1—e- Unit) dV. (72.5) 
t We shall see later that the first term in the argument of the logarithm in (72.3) is pro- 


portional to N2/V. The expansion in question therefore depends on precisely the assump- 
tion made above, that not only the density N/V but also the quantity of the gas is small. 
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From this we find the pressure P = —OF/O0V: 


px att (1), (72.6) 


since P,, = NT/V. Equation (72.6) is the equation of state of the gas in the 
approximation considered. 

As we know (§15), the changes in the free energy and the thermodynamic 
potential resulting from small changes in the external conditions or proper- 
ties of a body are equal, one being taken at constant volume and the other at 
constant pressure. 

If we regard the deviation of a gas from the ideal state as such a change, we 
can change directly to ® from (72.4). To do so, we need only express the 
volume in terms of the pressure in (72.4) by means of the equation of state for 
an ideal gas, obtaining 


® = ©,;+ NBP. (72.7) 
The volume may hence be expressed as a function of the pressure: 
V= “I +NB. (72.8) 


The whole of the foregoing discussion applies to monatomic gases. The 
same formulae remain valid, however, for polyatomic gases also. In this case 
the potential energy of interaction of the molecules depends not only on their 
distance apart but also on their relative orientation. If (as almost always hap- 
pens) the rotation of the molecules may be treated classically, we can say 
that U2 is a function of the co-ordinates of the centres of mass of the mole- 
cules and of rotational co-ordinates (angles) which define the spatial orienta- 
tion of the molecules. It is easy to see that the only difference from the case of 
a monatomic gas amounts to the fact that dV, must be taken as the product 
of the differentials of all these co-ordinates of the molecule. But the rotational 
co-ordinates can always be so chosen that the integral fdV, is again equal 
to the volume V of the gas. For the integration over the co-ordinates of the 
centre of mass gives this volume V, while the integration over angles gives a 
constant, and the angles can always be normalised so that this constant is 
unity. Thus all the formulae derived in this section have the same form for 
polyatomic gases, the only difference being that in (72.5) dV is now the pro- 
duct of the differentials of co-ordinates defining both the distance between 
two molecules and their relative orientation.* 

All the above formulae are meaningful, of course, only if the integral (72.5) 
converges. For this to be so it is certainly necessary that the forces of interaction 

t If the particles in the gas have spin, the form of the function U,, depends in general on 


the orientation of the spins. In that case a summation over spin orientations must be added 
to the integration with respect to dV. 
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between the molecules should decrease sufficiently rapidly with increasing 
distance. If Uy_ decreases at large distances according to a power law~r-*, 
we must have'n > 3. 

If this condition is not satisfied, a gas consisting of identical particles can 
not exist as a homogeneous body. In this case every region of matter will be 
subject to very large forces exerted by distant parts of the gas. The regions 
near to and far from the boundary of the volume occupied by the gas will 
therefore be in quite different conditions, and so the gas is no longer homo- 
geneous. 


U2 


2 Po Up 


Fic. 10 


For monatomic gases the function Uj2(r) has the form shown in Fig. 10; 
the abscissa is the distance r between the atoms. At small distances, U1». in- 
creases with decreasing distance, corresponding to repulsive forces between the 
atoms; beginning approximately at the place where the curve crosses the 
abscissa axis, it rises steeply, so that Uiz rapidly becomes very large, corre- 
sponding to the mutual “impenetrability”’ of the atoms (for which reason the 
distance ro is sometimes called the “radius” of the atom). At large distances, 
Ue increases slowly, approaching zero asymptotically. The increase of U1 
with distance corresponds to a mutual attraction of the atoms. The minimum 
of Uizg corresponds to a “stable” equilibrium. The absolute value Uo of the 
energy at this point is usually small, being of the order of the critical tempera- 
ture of the substance. 

For a polyatomic gas, the interaction energy has a similar form, but it 
cannot, of course, be represented by the curve in Fig. 10, since it is a function 
of a large number of variables. 

This information as to the nature of the function U2 is sufficient to deter- 
mine the sign of B(T) in the limiting cases of high and low temperatures. 

t This condition is always satisfied for atomic and molecular gases: the forces of inter- 
action between electrically neutral atoms or molecules (including dipoles), when averaged 


over the relative orientations of the particles, decrease at large distances as U,, ~ 1/r®; see 
Quantum Mechanics, §89. 
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At high temperatures (JT >> Uo) we have |U12|/T « 1 throughout the region 
r > 2ro, and the integrand in B(T) (72.5) is almost zero. Thus the value of 
the integral is mainly determined by the region r < 2r9, where Uj2/T is large 
and positive; in this region, therefore, the integrand is positive, and so the 
integral itself is positive. Thus B(T) is positive at high temperatures. 

At low temperatures (T < Up), on the other hand, the region r > 2ro is 
the important one in the integral, and in this region Ui2/T is large and nega- 
tive. At sufficiently low temperatures, therefore, B(T) must be negative, and 
its temperature dependence is essentially given by the exponential factor 
—eVolt 

Being positive at high temperatures and negative at low temperatures, 
B(T) must pass through zero at some temperature.* 

Finally, let us consider a Joule-Thomson process involving a non-ideal gas. 
The variation of temperature during the process is given by the derivative 


0G} a 


see (18.2). For an ideal gas this derivative is of course zero, but for a gas with 
the equation of state (72.8) we have 


OT) _N (,9B_p\ _ N ff o-owr (y_ U2) _ 
(s5)_ =o, (Tar 8) =30,|[¢ ( ra i av. (72.10) 


Asin the discussion of B(T), it is easy to see that at high temperatures (O07/0P)y, 
< 0, i.e. when the gas goes from a higher to a lower pressure in a Joule— 
Thomson process its temperature rises; at low temperatures, (67/0P)y, > 0, 
i.e. the gas temperature falls with the pressure. At a definite temperature for 
each gas, called the inversion point, the Joule-Thomson effect must therefore 
change sign. 


PROBLEMS 


PROBLEM 1. Determine B(T) for a gas whose particles repel one another according to 
Uy. = a/r* (n > 3). 


SOLUTION. In (72.5) we put dV = 4zr? dr and integrate by parts with respect to r from 
Oto ~; the substitution ar—* = x then reduces the integral to a gamma function: 


an - (5) 1 (1-3). 


t The temperature 7 for which B(T;) = Ois called the Boyle point. If PV/T is plotted 
against P for various given 7, the isotherm T = T, has a horizontal tangent as P + 0, 
and separates isotherms with positive and negative initial slopes; all the isotherms start 
from the point PV/T = 1, P = 0. 

f It will be recalled that we are considering a gas which is only slightly non-ideal, so that 
the pressure is relatively low. The result that the inversion point is independent of pressure 
is valid only in this approximation; cf. §74, Problem 4. 
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PROBLEM 2. The fugacity of a gas is the pressure P* which it would have for given values 
of the temperature and chemical potential if so rarefied that it could be regarded as an 
ideal gas. Determine the fugacity of a gas with the thermodynamic potential (72.7). 


SOLUTION. The chemical potential of the gas is (with u,, given by (42.6)) 
f= UWigt BP = T log P+y(T)+ BP. 
Equating this to T log P*-+ 7(T) by the definition of the fugacity, we have to the same ac- 
curacy as that of (72.7) 


pe = p(142P) a ane) 


T V V 


§73. Expansion in powers of the density 


The equation of state (72.6) derived in §72 consists essentially of the first 
two terms in an expansion of the pressure in powers of 1/V: 


NT ( _ NBT) NPC(T) | 


= 7 = (73.1) 


P= 


The first term in the expansion corresponds to an ideal gas, i.e. no interaction 
between molecules. The second term is obtaining by taking into account the 
interaction between pairs of molecules, and the subsequent terms must involve 
the interactions between groups of three, four etc. molecules.* 

The coefficients B, C,... in the expansion (73.1) are called the second, 
third etc. virial coefficients. To determine these quantities, it is convenient to 
begin by calculating the potential 2, not the free energy. Let us again consider 
a monatomic gas, and start from the general formula (35.5), which for a gas 
consisting of identical particles becomes 


e-AIT = y — eHNIT | e-En(v, DIT dy, (73.2) 
N=0N! ‘i 


The factor 1/N! is included and the integration is then taken simply over the 
whole phase space of the system of N particles; cf. (31.7). 

In the successive terms of the sum over N, the energy Ey(p, q) has the 
following forms. For N = 0, of course, Eo(p, gq) = 0. For N = 1, it is simply 
the kinetic energy of one atom: 


Ex(p, q) = p?/2m. 


For N = 2 it consists of the kinetic energy of the two atoms and the energy of 
their interaction: 


+ The dimensionless small parameter with respect to which the expansion is made is 
actually the ratio Nv,/V of the “volume” v, of one molecule to the gas volume per molecule 
VIN. 
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Similarly, 
E3(p, q) = Da Po Uio3, 


where Uj03 is the interaction energy of three atoms (which in general is not 


equal to the sum Uj2+ Ui3+ U2), and so on. 
We substitute these expressions in (73.2) and use the notation 


(T 3/2 
= mo, | e-P2MT g3p = (sere) eT, (73.3) 


We shall see below that this is simply equal to P,,/T, where P,, is the pressure 
of an ideal gas for given T and V. We obtain 


2 
Q = —Tlog {iter ral ea dV, dVo+ 


3 
+51 | ffeon dV, dV_dV3+.. |. 


Each of the Ui2, Uie3,... is a function only of the distances between the 
atoms; hence, by using the relative co-ordinates of the atoms (relative to the 
first atom, say), we reduce the multiplicity of the integrals by one, with a 
further factor V entering: 


Q = —PV = —Tlog }1+EV +5; | e-UnlT dV at 


maa e- Ul? dV dVo+ +} 


Finally, we expand this expression in powers of &; the resulting series can be 
written as 


a 


P= Ty es (73.4) 
where 
J, = 1, Je deena dV, 
(73.5) 


J3 | (e~ Urea T — e~ Ui2/ T — g~ Ural T — @— UrsiT 4-2) dV, dV3, 
etc. The structure of the integrals J, is evident; the integrand in J,, is appreci- 
ably different from zero only if m atoms are close together, i.e. in a collision 
of n atoms. 

Differentiating (73.4) with respect to 4, we obtain the number of particles 
in the gas, since N = —(0Q/0u)7, y = V(OP/Op)7, y- Bearing in mind that 
by definition (73.3) 0&/Ou = &/T, we have 


= Soe oa DI En, (73.6) 


n=1 
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The two equations (73.4) and (73.6) give in parametric form (with parame- 
ter £) the relation between P, V and 7, i.e. the equation of state of the gas. 
Eliminating §, we can obtain the equation of state in the form of the series 
(73.1) with any desired number of terms.t 


§74. Van der Waals’ formula 


In gases the interaction between molecules is very weak. As this interaction 
increases, the properties of the gas differ more and more from those of ideal 
gases, and finally the gas condenses into a liquid. In the latter, the interaction 
between molecules is strong, and the properties of this interaction (and there- 
fore those of the liquid) depend considerably on the particular liquid con- 
cerned. For this reason it is, as already mentioned, impossible to derive any 
general formulae giving a quantitative description of the properties of aliq uid. 

We can, however, find an interpolation formula which gives a qualitative 
description of the transition between the liquid and gaseous states. This for- 
mula must give the corréct results in the two limiting cases. For rarefied gases 
it must become the formulae valid for ideal gases. When the density increases 
and the gas approaches the liquid state, it must take account of the finite 
compressibility of the substance. Such a formula will then give a qualitative 
description of the behaviour of the gas in the intermediate range also. 

To derive such a formula, let us examine in more detail the deviations from 
the ideal state at high temperatures. As in the preceding sections, we shall 
first consider a monatomic gas; by the same arguments as used previously, all 
the resulting formulae will be equally applicable to polyatomic gases. 

The type of interaction between gas atoms described in §72 (Fig. 10) en- 
ables us to determine the form of the leading terms in the expansion of B(T) 
in inverse powers of the temperature; here we shall assume that the ratio 
Uo/T is small: 

Uo/T « 1. (74.1) 


Since Uy depends only on the distance r between the atoms, we write in 
the integral (72.5) dV = 4nr? dr. Dividing the range of integration with re- 
spect to r into two parts, we write 


27ro oo 
{« —e~UnlT) dV = 4x ic —e-UrlT)r?2 dr+ 4a {o —e-Ux/T)p2 dr, 
0 27ro 


t In the first approximation, P = Té, N = Vé, whence P = NT/V = P,,. In the second 
approximation, P = T&(1+4J.6), N = V&(1+J.6); eliminating £ from these equations 
(with the same accuracy), we have 

_ NT N°T 


P= 7 2p ® 
in agreement with (72.6). 
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For values of r between 0 and 2ro, the potential energy Ui2 is in general very 
large. In the first integral we can therefore neglect e~ 4/7 in comparison 
with unity. Then this integral is equal to 2b, where b = 16ar,°/3. If we regard 
ro as the “radius” of the atom, b is four times its “volume”’ (for polyatomic 
gases, of course, the constant b is not equal to four times the “volume” of a 
molecule). 

In the second integral, Ui, nowhere exceeds Up in absolute magnitude 
(Fig. 10). Thus —U12/T is always small compared with unity, since, even 
when Uy. = — Uo, —Ui2/T = Uo/T « 1. We can therefore expand e~ 4/7 in 
powers of Ui2/T and take only the first two terms. The second integral then 
becomes 


1 oo 
r| 4x U yor? dr. 
2To 


Since U2 is negative throughout the range of integration, the integral itself 
is negative, and we write it as —2a/T, where a is a positive constant. 
Thus we find 


B(T) = b—-a/T, (74.2) 
and substitution of this in (72.4) gives for the free energy of the gas 
F = Fig+N*(Tb—a)/V. (74.3) 
Substitution in (72.7) gives for the thermodynamic potential 
® = O1,4+NP(b—a/T). (74.4) 


The desired interpolation formula can be obtained from (74.3), which 
itself does not satisfy the necessary conditions, since it does not take account 
of the finite compressibility of the substance. In (74.3) we substitute the 
expression for Fig from (42.4); this gives 

F = Nf(T)—NT log (e/N) —NT(log V—Nb/V)—N?a/V. (74.5) 

In deriving formula (72.4) for the free energy of a gas we assumed that the 
gas, though not sufficiently rarefied to be regarded as an ideal gas, never- 
theless occupies such a large volume that we can neglect triple and higher- 
order collisions between molecules, so that the distances between molecules 
are in general considerably larger than their dimensions. We may say that the 
gas volume V is always considerably greater than Nb, i.e. Nb/V « 1; using 
also the fact that log (1+x) = x for x « 1, we find 

log (V-—-Nb) = log V+log (1—Nb/V) 

= log V—Nb/V. 
Hence (74.5) may be written 
F = Nf(T)—NT log [e(V—Nb)/N]—N2a/V 
= Fiqg—NT log (1—Nb/V)—N?a/V. (74.6) 
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In this form the conditions stated above are satisfied, since when V is large 
the formula for the free energy of an ideal gas is obtained, and when V is small 
the formula shows that the gas cannot be indefinitely compressed, since the 
argument of the logarithm becomes negative when V < Nb. 

If the free energy is known, we can determine the gas pressure: 


NT Na 
or 
(P+ Fe) V—NB) = NT. (74.7) 


This is the required interpolation formula for the equation of state of an 
actual gas. It is called van der Waals’ equation. 

VAN DER WAALS’ formula is, of course, only one of an infinity of possible 
interpolation formulae which satisfy the requirements stated, and there is no 
physical reason to select any one of them; VAN DER WAALS’ formula is merely 
the simplest and most convenient.t 

From (74.6) we can find the entropy of the gas: 


S = Sig+N log (1—Nb/V), (74.8) 
and thence the energy E = F+T7S: 
E = E,g—N?a/V. (74.9) 


Thus the specific heat C, = (O£/07), of a van der Waals gas is equal to that 
of an ideal gas; it depends only on the temperature and, in particular, may be 
constant. The specific heat C,, is easily seen (cf. Problem 1) to depend not only 
on the temperature but also on the volume, and so can not be constant. 

The second term in (74.9) corresponds to the energy of interaction of the 
gas molecules; it is, of course, negative, since on average the forces between 
molecules are attractive. 


PROBLEMS 


PROBLEM 1. Find C,—C, for a non-ideal gas described by VAN DER WAALS’ formula. 


SOLUTION. Using formula (16.10) and VAN DER WAALS’ equation, we find 
N 
1—2Na(V—Nb)?/TV? ° 
PROBLEM 2. Find the equation of an adiabatic process for a van der Waals gas of con- 
stant specific heat C,. 
SOLUTION. Substituting in (74.8) S,, = Nlog V+Ne,logT (omitting unimportant 


constants) and putting S = constant, we obtain the relation (V—Nb)T* = constant. This 
differs from the corresponding equation for an ideal gas in that V is replaced by V—Nb. 


C,-C, = 


Tt In actual applications of this formula, the values of the constants a and b must be 
chosen so as to give the best agreement with experiment. The constant 5 cannot then be 
regarded as four times the “molecular volume”, even for a monatomic gas. 
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PROBLEM 3. For a gas of the same kind as in Problem 2, find the change in temperature 
on expansion into a vacuum from volume V, to V3. 


SOLUTION. In an expansion into a vacuum, the energy of the gas remains constant. 
Thus formula (74.9), with E,, = Ne,T, gives 


N 
por aoe (7-7): 


Cy 


Prosyem 4. For a van der Waals gas find the temperature dependence of the inversion 
point for the Joule~Thomson effect. 


SOLUTION. The inversion point is determined by the equation (O7/0V)p = T/V (see 
(72.9)). Substitution of T from (74.7) leads to an equation which has to be solved simultane- 
ously with (74.7). Algebraic calculation gives the following dependence of the inversion 
point on pressure: 


Ti = = (2+ /(1 —36°P/a))*. 


For any given pressure P < a/3b? there are two inversion points, between which the deriva- 
tive (07/OP)yw is positive, while outside this temperature interval it is negative. When 
P > a/3b? there are no inversion points and (07/O0P)w < 0 everywhere.t 


§75. Completely ionised gases 


The method given above for calculating the thermodynamic quantities for 
a non-ideal gas is certainly inapplicable to a gas consisting of charged parti- 
cles with Coulomb interaction, since the integrals which appear in the formu- 
lae then diverge. Such gases must therefore be treated separately. 

Let us consider a completely ionised gas or plasma. The charges on its 
particles will be denoted by z,e, where the suffix a refers to the different kinds 
of ion; e is the unit charge and the z, are positive or negative integers. Also, 
let n,, be the number of ions of the ath kind per unit volume of the gas. The 
gas as a whole is, of course, electrically neutral, so that 


> Zalao = 9. (75.1) 
a 


We shall suppose that the gas does not deviate greatly from the ideal state. 
For this to be so it is certainly necessary that the mean energy of the Coulomb 
interaction between two ions (~(ze)?/r, where r ~ n~1/8 is the mean distance 
between ions) should be small compared with the mean kinetic energy of the 
ions (~T). Thus we must have (ze)?n1/3 « T or 


n < (T/z7e?)3, (75.2) 


To calculate the thermodynamic quantities for such a gas we must first 
determine the change E,,,; in the energy of the gas (as compared with the 


energy of an ideal gas) due to the Coulomb interaction of the particles. As we 

t The upper inversion point as P > 0 (7,,, = 2a/b) corresponds to the case considered 
at the end of §72. The lower inversion point for small P may not occur in a gas Owing to its 
condensation into a liquid. 
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know from electrostatics, the electrical interaction energy of a system of 
charged particles can be written as half the sum of the products of each charge 
and the potential of the field at the position of that charge due to all the other 
charges. In the present case 


Ecout = V-4 > CZNgoPa, (75.3) 


where @, is the potential of the field acting on an ion of the ath kind due to 
the other charges. To calculate these potentials we proceed as follows.t 

Each ion creates around itself a non-uniformly charged ion cloud, which on 
average is spherically symmetrical. In other words, if we select any particular 
ion in the gas and consider the density of distribution of the other ions rela- 
tive to that ion, this density will depend only on the distance r from the centre. 
Let the density of distribution of ions (of the ath kind) in this ion cloud be 
denoted by 7,. The potential energy of each ion of the ath kind in the electric 
field around the ion considered is z,e@, where ¢ is the potential of this field. 
Hence BOLTZMANN’s formula (38.6) gives 

Ng = Ne 229!T, (75.4) 

The constant coefficient is put equal to n,,, since at a large distance from the 
centre (where @ — 0) the density of the ion cloud must become equal to the 
mean ion density in the gas. 

The potential ¢ of the field in the ion cloud is related to the charge density 
in it (equal to )° ez,n,) by the electrostatic PoIsson’s equation: 


Ag = —4ne ¥ Zana. (75.5) 
a 


Formulae (75.4) and (75.5) together give the equations of the “self-consistent” 
electric field of the electrons and ions. 

With the above assumption that the interaction of the ions is relatively 
weak, the energy ez,@ is small in comparison with 7, and formula (75.4) may 
be written in the approximate form 


Ng = i dQ. (75.6) 


Substituting this in equation (75.5) and using the condition (75.1) for the 
gas to be neutral as a whole, we obtain 


Ago—x2 = v, (75.7) 
where 
2 
we = my NapZa2: (75.8) 


The quantity x has the dimensions of reciprocal length. 


+ This method was used by Desyz and HUCcKEL to calculate the thermodynamic quanti- 
ties for strong electrolytes (1923). 
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The spherically symmetric solution of equation (75.7) is @ = constant X 
e~*"/r. In the immediate neighbourhood of the centre, the field must become 
the purely Coulomb field of the charge considered; this charge will be denot- 
ed by z,e. In other words, for sufficiently small r we must have ¢ = ez,/r. 
This shows that the constant must be taken as z,e, and so the required poten- 
tial distribution is given by 

go = ezye-**/r. (75.9) 
Hence we see, incidentally, that the field becomes very small at distances large 
compared with 1/x. The length 1/ can therefore be regarded as determining 
the dimensions of the ion cloud due to a given ion; it is also called the Debye- 
Hiickel length. All the calculations given here assume, of course, that this 
length is large in comparison with the mean distances between ions. This con- 
dition is clearly identical with (75.2). 

Expanding the potential (75.9) in series for small xr, we have 


o= O78 zie + eae 
r 

The terms omitted vanish when r = 0. The first term is the Coulomb field of 
the ion itself; the second term is clearly the potential produced by all the other 
ions in the “cloud” at the point occupied by the ion considered, and is the 
quantity to be substituted in formula (75.3): @, = —eZgx. 

Thus we have the following expression for the “Coulomb part” of the 
plasma energy: 


Ecou = —43Vxe? » NgoZq” = — Vee es (> NaoZa")*?, (75.10) 
a a 
or, in terms of the total numbers of different ions in the gas N, = MgoV; 
Eco = —@ | ae ()) NgZq2)9!2. (75.11) 
\ TVS 


This energy is inversely proportional to the square root of the temperature 
and to that of the volume of the gas. 

Integrating the thermodynamic relation £/T? = —(0/0T)(F/T), we can 
deduce from E,,,) the corresponding change in the free energy: 


2e8 |x 2s 
F = Fa-= Ty NoZq”) [2° (75.12) 


the constant of integration must be taken as zero, since when T - oo we 
must have F = Fjq. Hence the pressure is 


P= T e nt 23/2 
= 7 UN span FQ NaZq7)?!2. (75.13) 


The thermodynamic potential is obtained from F in the same way as in §72 


228 Non-ideal Gases §76 


(i.e. by regarding the second term in (75.12) as a small correction to F,q): 


(S Ngzq2)??. (75.14) 


a 


id 


2e3 (/ aP \ 12 
ar (sw, 


In the foregoing theory it is assumed that the plasma is far from degeneracy, 
i.e. obeys Boltzmann statistics. It is possible in principle for conditions to 
occur such that the electron component of the gas is already degenerate 
while at the same time the interaction between particles in the gas is unim- 
portant, i.e. the gas is “almost ideal”. It has been mentioned at the end of 
§56 that such a situation occurs at very high densities of a degenerate gas; 
the “gas of nuclei’’ may still be far from degeneracy, owing to the large mass 
of the nuclei. In this case the above calculations are inapplicable. At tempera- 
tures of the order of the degeneracy temperature the principal contribution 
to the correction terms in the thermodynamic quantities (as compared with 
those of an ideal gas) in a degenerate plasma comes from the exchange part 
of the electrical interaction of the electrons, which in the classical case is 
unimportant and which we have ignored. Moreover, in calculating the “self- 
consistent’’ interaction of the electrons and ions the motion of the electrons 
can no longer be regarded as quasi-classical.* 


§76. The method of correlation functions 


The advantage of the Debye—Hltickel method described in §75 lies in its 
simplicity and physical clarity. Its basic drawback, however, is that it cannot 
be generalised to calculate further approximations with respect to the concen- 
tration. We shall therefore also give a brief description of another method 
(proposed by N. N. BoGoLyusov, 1946), which, though more complicated, 
allows in principle the calculation of further terms in the expansions of the 
thermodynamic quantities. 

This method is based on a consideration of what are called correlation 
functions between the simultaneous positions of several particles at given 
points in space. The simplest and most important of these is the binary corre- 
lation function w,,, which is proportional to the probability of finding two 
particles (ions) simultaneously at given points r, and r,; the ions a and b may 
be of either the same or different kinds. Because the gas is isotropic and homo- 
geneous, this function of course depends only on r = |r,—r,|. We choose the 


t The calculations for this case have been carried out by A. A. VEDENOV, Soviet Physics 
JETP (36) 9, 446, 1959. 

At sufficiently low temperatures the ordered arrangement of the nuclei in a “crystal 
lattice” becomes thermodynamically favourable rather than their random motion in the 
gas. Under these conditions the corrections due to the interaction between the electrons and 
the nuclei are of a different kind; see the second footnote to §108. 
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normalisation coefficient in the function w,, such that this function tends to 
unity as r + o. Then || wa dV, dV, = Vv". 


If the function w,, is known, the required energy E,,,; can be obtained by 
integration, using the obvious formula 


1 
Ecou = 3773 Y NaMo | | UgbWan IV dV, (76.1) 
a,b 


where the summation is over all the kinds of ions, and u,, is the Coulomb 
interaction energy of a pair of ions at distance r. 
According to the Gibbs distribution formula, the function w,, is given by 


1 F—F,q—U 
Wab = pace | {<p fan dV2...dVy_e, (76.2) 


where U is the Coulomb interaction energy of all the ions, and the integration 
is over the co-ordinates of all the ions except the two considered. For an ap- 
proximate calculation of this integral we proceed as follows. 

We differentiate equation (76.2) with respect to the co-ordinates of ion b: 


OWad Wab OUgp Ode 


or, I OM —7 LN. | Se 


where the summation in the last term is over all the kinds of ions, and w 
the ternary correlation function, defined by 

Wabe = pa | 8 nae dVidV2...dVy_s 
analogously to (76.2). 

Assuming the gas sufficiently rarefied and considering only the first-order 
terms, we can express the ternary correlation function in terms of binary corre- 
lations: neglecting the possibility that all three ions are close together, we 
have Wap, = WapWo Wace In the same approximation we can suppose that even 
the pairs of particles are not so close together that the w,, are appreciably 
different from unity. We define the small quantities 


Wap = Wap— 1 (76.4) 


Wade dV, 9 (76.3) 


abc 1S 


and write 
Wabe = Dap t Ope t+ Mact 1, (76.5) 
neglecting the higher powers of the w,,. 

When this expression is substituted in the integral on the right-hand side 
of (76.3), only the term in w,, remains; the others give zero identically, be- 
cause of the isotropy of the gas. In the first term on the right of (76.3) it is 
sufficient to put w,, = 1. Thus 


OW ap _ 1 OUlad Ope 
or, T Oty — 77d. co. aVe. 
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We now take the divergence of both sides of this equation, using the facts 
that u,, = Z,z,e?/r, r=¥,—F,, and the well-known formula A(1/r) = 
—4n0(r). The integration is then trivial because of the presence of the delta 
function, and we have 


eave 4ne72z, 


AWap(r) = o(r tap yd NZ Mac(r). (76.6) 


The solution of this system of equations can be sought in the form 
WaT) = ZqZp("), (76.7) 


whereby they are reduced to a single equation 
4ne? Are? 
Ao(r) = TT (r) + TV 2 N.Z,2o(r). (76.8) 


This final equation has the same form as equation (75.7) in DEBYE and 
HUCcKEL’s method; the term containing the delta function in (76.8) corresponds 
to the boundary condition as r + 0 imposed on the function @(r) in (75.7). 
It is easy to see that this gives the same result as before for the energy E¢o,). 

In the next approximation the calculations become more laborious. In par- 
ticular, the assumption (76.5) is now insufficient, and ternary correlations 
which do not reduce to binary ones must be introduced. For these we obtain 
an equation analogous to (76.3) but involving quaternary correlations; in this 
(the second) approximation the latter reduce to ternary ones.‘ 


§77. Calculation of the virial coefficient in quantum mechanics 


In calculating the virial coefficients in §§72—74 we have used classical sta- 
tistics, as is practically always justifiable. There is, however, methodological 
interest in the problem of calculating these coefficients in the quantum case; 
and such a case may actually occur for helium at sufficiently low temperatures. 
We shall show how the second virial coefficient may be calculated with allow- 
ance for the quantisation of the binary interaction of the gas particles 
(BETH and UHLENBECK 1937). We shall consider a monatomic gas whose 
atoms have no electronic angular momentum; and having in mind the case of 
helium, we shall also suppose for definiteness that the nuclei of the atoms have 
no spin and that the atoms obey Bose statistics. 

In the approximation concerned, it is sufficient to retain only the first three 
terms in the sum over N in formula (35.3), which determines the potential Q: 


= —T log { 1+ Fi et-EwiT+ SP e(2H—Ess)/ Th (77.1) 
n n 
t The terms of next higher order in the thermodynamic quantities for a plasma have in 


fact been calculated (using a different method) by A. A. VeDENov and A.I. LARKIN, 
Soviet Physics JETP (36) 9, 806, 1959. 
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Here the E,,, are the energy levels of a single atom, and the E,,, are those of 
a system of two interacting atoms. Our object is to calculate only those correc- 
tion terms in the thermodynamic quantities which are due to the direct inter- 
action of the atoms; the corrections due to quantum exchange effects exist 
even in an ideal gas and are given by formula (55.15), according to which the 
“exchange” part of the second virial coefficient is (in the case of Bose statis- 
tics) 

| Bexen = — 2 (ah? /mT/”. (77.2) 


Thus the problem reduces to the calculation of 
Ze — y, e(24u—Exq)/T, 
n 


and from this must be subtracted the expression which would be obtained 
for two non-interacting atoms. 

The energy levels E,,, consist of the kinetic energy of the motion of the centre 
of mass of the two atoms (p2/4m, where p is the momentum of that motion, 
and m the mass of an atom) and the energy of their relative motion. Let the 
latter be denoted by ¢; this component is given by the energy levels of a par- 
ticle of mass +m (the reduced mass of the two atoms) moving in a central 
field U,o(r), where U2 is the potential energy of the interaction of the atoms. 
The motion of the centre of mass is always quasi-classical ; integrating over its 
co-ordinates and momenta in the usual manner (cf. §42), we obtain 


Z® = VexlT(mT |nh?)3! y e-elT, 


If we denote by Z;,, the part of Z which depends on the interaction of 
the particles, we can write 2 in the form 


Q = 2, 4—TVe24! (mT [nh?)?!2Zint - 


Regarding the second term as a small correction to the first term, and express- 
ing it in terms of 7, V and N by means of formula (45.5) for the chemical 
potential of an ideal gas, we obtain for the free energy the expression 
8N2 (rh? \ 3/2 
i= Fia—-T = (rz) Zint- 


Differentiation with respect to V gives the pressure, and the required part of 
the virial coefficient that is due to the interaction of the atoms is 


Bin(T) = —8@h? (mT)? Zin - (77.3) 


The spectrum of energy levels ¢ consists of a discrete spectrum of negative 
values (corresponding to a finite relative motion of the atoms) and a conti- 
nuous spectrum of positive values (infinite motion). We denote the former 
by ¢,,; the latter may be written in the form p?/m, where p is the momentum 
of the relative motion of the atoms when the distance between them has be- 
come very large. The whole of the sum Yel ‘nl/T over the discrete spectrum 
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appears in Z;,,; from the integral over the continuous spectrum we must sep- 
arate the part corresponding to the free motion of non-interacting particles. 
To do this we proceed as follows. 
At large distances r, the wave function of a stationary state with orbital 
angular momentum / and positive energy p?/m has the asymptotic form! 
constant. 
= —————_ xsin (qr— det a) ; 
where the phase shifts 6, = 6p) depend on the specific form of the field 
U;,(r). Let us formally suppose that the range of variation of the distance r 
is bounded by some very large but finite value R. Then the momentum p can 
take only a discrete series of values given by the boundary condition that 
y = 0 forr= R: 
5 R—$lr+ 6, = sa, 
where s is an integer. For large R these values are very close together and the 
summation in 
Y e-pimT 
P 


may be replaced by an integration. To do so, we multiply the summand (for 


a given /) by ae 
1 /R l 
ds = me i +a) dp 


and integrate over p; the result must then be multiplied by 2/+1 (the degree 
of degeneracy with respect to orientations of the orbital angular momentum) 
and summed over /: 


» e-p'imT — =x 2i+ vf G +o) e e-PimT dp, 


Pp I 
0 


For particles obeying Bose statistics and having no spin, the co-ordinate wave 
functions must be symmetric; this means that only even values of / are pos- 
sible, and so the summation over / is over all even integers. 

In free motion, all the phase shifts 6, = 0. The expression remaining when 
6, = 0 is therefore the part of the sum which is unrelated to the interaction 
of the atoms and is to be omitted. Thus we obtain the following expression 
for Zint: 


Zint = Y elt Tay | (2/+1) = e—pilmT dp, (77.4) 
n l 
0 


t See Quantum Mechanics, §33. 
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and the virial coefficient B = B,,.,+ Bin; is 
BT) = —Hah?/mT)?(1 + 16Zin:)- (77.5) 


The phase shifts 6, determine the scattering amplitude for particles moving 
in the field U;.(r) by means of the formulat 


f(b) = 5 ¥. (21+ 1)(e2!* — 1) P(cos 6), 
l 


where the P; are Legendre polynomials, and 6 the angle between the directions 
of incidence and scattering; in the present case the summation is over all even 
values of /. It is therefore possible to express the integral in (77.4) in terms of 
the scattering amplitude. By direct substitution of the expression for f(6) the 
following relation may easily be verified: 


EMD GF = ag gp PUO+S ON + gaaa | mF Gp —S* 5p) & 
l 


The sum on the left-hand side appears in the integrand in (77.4), and on sub- 
stituting it and integrating by parts in one of the terms we find 


1 co 
: = len t/T 4. 2o—p?/mT * 
Zin = Se ‘at | pre-PtmT f(0)-+-f*(0)] dp+ 


+Gaps mp ||? 2e—p*/mT ((e of* —f* 5) dp do. (77.6) 


If there are discrete levels in the field U12(r), then at sufficiently low temper- 
atures the dependence of B(T) on temperature will be mainly governed by 
the sum over the discrete levels, which increases exponentially with decreas- 
ing T. There may, however, be no discrete levels; then the virial coefficient 
will vary as a power of the temperature (if we bear in mind that the scattering 
amplitude tends to a constant limit as p — 0, we easily find that at sufficiently 
low temperatures B will be determined mainly by the term B,,,,)- 

It may be noted that in the case of a weak interaction, when particle colli- 
sions can be described by the Born approximation, the scattering amplitude is 
small and the third term in (77.6), which is quadratic in the amplitude, may 
be omitted. For weak interaction there are no bound states, and so the first 
term in (77.6) is also absent. Using the familiar expression for the scattering 
amplitude f(0) in the Born approximation, which is proportional to fu ior? dr, 
it is easy to see that the expression for F agrees exactly with (32.3) (without 
the quadratic term), as it should in this case. 


t See Quantum Mechanics, §122. The cross-section for scattering into the solid-angle: 
element do is | f(6) |? do. 
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PROBLEM 


Determine the quantum correction (of the order of #7) in the quasi-classical case in the 
virial coefficient B(7) for a monatomic gas. 

SOLUTION. The correction to the classical free energy is given by formula (33.15). 
Bearing in mind that in the present case only binary interaction of atoms occurs, and that 
U,, depends only on the distance between atoms, we find 


oo 


= ah? dU» \? —U45/T 12 
Bu = Gea | (GS ye 12!” ? dr, 
0 


This expression is the correction to the classical value given by (72.5). It may be noted 
that Bau > 0. 


§78. A degenerate ‘‘almost ideal’? Bose gas 


The problem of the thermodynamic properties of an “almost ideal” highly 
degenerate gas (the case of slight degeneracy having been considered in §77) 
has no direct physical significance, since the gases which actually exist in 
Nature condense at temperatures near absolute zero. Nevertheless, because 
of the considerable methodological interest of this problem, it is useful to 
discuss it for an imaginary gas whose particles interact in such a way that 
condensation does not occur. 

The condition for a gas to be “only slightly non-ideal” is that the “range 
of interaction’’ a of the molecular forces should be small compared with the 
mean distance between the particles, / ~ (V/N)"*. Together with the condition 


a < I, the inequality 
ka« 1 (78.1) 


will also be satisfied, where k = p/f are the wave numbers of the gas parti- 
cles. In conditions of strong degeneracy, the existence of such an inequality is 
evident from dimensional arguments, and it may also be proved directly by 
estimating the order of magnitude of the particle momenta.* 

We shall consider here only binary interactions between particles (again 
denoting the interaction energy of two particles by U12). Our purpose is to 
calculate the leading terms in the expansion of the thermodynamic quantities 
in powers of the ratio a// by using some form of quantum perturbation theory. 
The difficulty is that, because of the rapid increase of the interaction energy U 
at small distances between the particles, perturbation theory (the Born 
approximation) cannot in fact be directly applied to particle collisions. This 
difficulty can, however, be circumvented in the following way. 


+ For a degenerate Fermi gas the order of magnitude of the limiting momentum is given 
by formula (56.2): po/f# ~ (N/V)"/8« 1/a, For a Bose gas we shall see below that the major- 
ity of the particles (outside the “condensate”) have momenta p/h ~ +/(aN/V), for which 
the inequality (78.1) again holds. 
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In the Born approximation, the scattering cross-section in a collision of two 
particles of mass m is given by the squared modulus of the scattering ampli- 
tude 


f= -7e | Usse-iat dV, 
where fiq is the momentum transferred in the collision.t When the condition 
(78.1) holds, i.e. in “slow” collisions, q¢-r< 1 throughout the important range 
of integration, and the amplitude tends to a constant limit, which we here 
denote by —a:! 

a = mU/4xh?, 


Uo i) U;2(r) dV. 


Since this quantity entirely defines the properties of collisions, it must also 
determine the thermodynamic properties of the gas (when the Born approxi- 
mation is applicable). 

Thus the following procedure can be used. We formally replace the true 
energy Ui2 by another function with the same value of the scattering ampli- 
tude but such as to permit the application of perturbation theory. So long as 
the final result of the calculations contains Uj2 only in the scattering ampli- 
tude (i.e. in any approximation for which this is true), this result will be the 
same as that which would be obtained for the true interaction. 

Let us first calculate the energy spectrum of low excited states of an almost 
ideal Bose gas. It has been shown by N. N. BoGoLyusov (1947) that this may 
be done by applying perturbation theory in the second quantisation method. 

The Hamiltonian of a system of N particles (which we shall assume to have 
no spin), taking account only of binary interaction between the particles, is 
written as follows in the second quantisation method:!! 


(78.2) 


2 soe 
ry Dp A 4A 1 UPPeat ata a’ 
H= rs aytdy +3» riprap ay dy ay (78.3) 


Here a," @, are the “creation” and “annihilation” operators for a free par- 


ticle with momentum p, i.e. in a state described (in volume V) by the wave 
function 


eiP-r/h, 


1 
Wp a /V 


t See Quantum Mechanics, §125. 

The cross-section for scattering into the solid-angle element do (in the centre-of-mass 
system) is do =|f|? do if the quantum identity of the particles is ignored. When this identity 
is taken into account, do = 4] |? do, and to obtain the total cross-section do must be inte- 
grated over a hemisphere (not over the whole sphere). 

{ The quantity a is sometimes called the Scattering length. 

ll See Quantum Mechanics, §64. 
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The first term in (78.3) corresponds to the kinetic energy of the particle, and 
the second to its potential energy. In the latter term the summation is over 
all values of the momenta of a pair of particles such that the law of conser- 
vation of momentum in collisions is satisfied : 


Pitp2 = Py +P, 5 
only with this condition are the matrix elements 
‘e? 1 ; ; j 
U PiPe _ ie {| ei(Di— Pr’) /h+i(De—p2’) Te /h U(r, —¥,) dV, dV, 


1 : 
= 7 | ernunin ay (78 4) 


different from zero (p = po’—p2 = —(pi’—pi) is the particle momentum 
exchange in the collision). Since in our case the particle momenta are assumed 
small in accordance with (78.1), the matrix elements in all the terms of 
importance in the sum can be replaced by their values for p = 0, putting 
+ ee Y dpi Gp, Gp.Ap,- (78.5) 

The application of perturbation theory to the Hamiltonian (78.5) is based 
on the following remark. In the ground state of an ideal Bose gas, all the 
particles are in the “condensate”, i.e. in a state of zero energy: No = N, 
N, = 0 for p # 0. In an almost ideal gas in low excited states (and in the 
ground state) the occupation numbers N, are not zero but are very small 
compared with No. Since 4) +d) = No = N is very large compared with unity, 
it follows that the expression Godot —d)*Go = 1 is small compared with do, 
d,* themselves, and so the latter may be regarded as ordinary numbers (equal 
to WN), ignoring the fact that they do not commute. 

The application of perturbation theory now requires a formal expansion of 
the quadruple sum in (78.5) in powers of the small quantities 4,, d,* (p # 0). 
The zero-order term of the expansion is 


Ay* Ag* ApAy = Ay'. (78.6) 
There are no first-order terms, since they cannot be such as to satisfy the law 
of conservation of momentum. The second-order terms are 
Ap?) (GpG_p + GptG_yt + 4ap* Gp). (78.7) 
p#0 : 


Restricting ourselves to accuracy as far as second-order quantities, in (78.7) 
we can replace a,2 = No by the total number N of particles. In the term (78.6) 


we must use the more precise relation 


2 A +4 pen 
aez+ Yi dptdy = N. 
p=0 
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The sum of the terms (78.6) and (78.7) thus becomes 
N2+N ¥. (Gpd_p + GytG_p* + 2Gp*Gp), 
p~o 
and after substitution in (78.5) we obtain for the Hamiltonian the expression 
~  N? N _ aaa aba D* nan 

The integral Uo which appears here has still to be expressed in terms of an 
actual physical quantity, the scattering amplitude. In the second-order terms 
in (78.8) (which are needed only to determine the energy spectrum; see below), 
this can be done directly from (78.2). In the first term (which is important in 
determining the energy of the ground state of the system) this formula, which 
corresponds only to the first approximation of perturbation theory, is insuf- 
ficiently exact. 

To obtain a more precise relation, we recall that, if the probability of a 
given quantum transition of a system under the action of a constant pertur- 
bation P is determined in the first approximation by the matrix element V}, 
then in the second approximation V7? is replaced by 

yo Vn 
0 , n" 0 
Yot » Eo—En , 


where the summation is over all states of the unperturbed system." In the pres- 
ent case of a collision in a two-particle system, V2 becomes U9} = Uo/V. 

Using also the other matrix elements (78.4), we find that to go from the 
first to the second approximation we must replace Uo by 


1 | [Uige—iv 8/8 dV |? 
Uta y 2 
° V >a —p?/m 
or, again replacing} all the integrals by Uo as in (78.5), by 
Uo m 
Us {l1-— >. ss). 
° ( V Le) 
Instead of (78.2), we therefore have 
_ m Uo m 
qa= sea °(! ¥ Lys) (78.9) 


or, to the same accuracy, 


Anh? 4nhta 1 
Up = ——al[1+ —). 
° m ( V » 2) 


t See Quantum Mechanics, §43. 

t This replacement leads to a sum which diverges for large p, but this does not matter, 
since on subsequent substitution in the Hamiltonian a convergent expression is obtained, 
in which large values of p are unimportant. 


238 Non-ideal Gases §78 
Substituting this in (78.8), we find the Hamiltonian 

~  2nth® N? Anh?a 1 

f= at (1 + Lz) 


2h? N Es A 4A A +a 
ta 2» (Gp4_» + p*G_p* + 24p* dp) + 


Pn ae 
+ x 5 yp. (78.10) 


To determine the energy levels, we must bring the Hamiltonian to diagonal 
form; this is achieved by an appropriate linear transformation of the opera- 
tors d,, 4, *. We define new operators By; b,* by 


ap = Updy +Upb_p*, 
ay* = Upbp* +Upb_p, 
and require them to satisfy the commutation relations 
by by — by by = 0, byby'* —bytby = Opp’, 
which are similar to those for the operators G,, d,*. It is easy to see that this 


imposes the condition Uy? — Vy" = 1. Using this, we write the linear transfor- 
mation in the form 


—_ bypt+Lpb_p* at = — byt +L po_p (78.11) 
V(1—Ly?) ’ Va=Lq 2)" 


The quantity I, must be so defined that the non-diagonal terms 


ap 


(b, b_ _» b, +b_ ot) disappear from the Hamiltonian. A simple calculation gives 


—<— —_ 2 

Ly = ina aa e(p) mu , (78.12) 

where 
e(p) = +/[u2p? + (p?2/2m)?], (78.13) 
= «/(4h?aN/m?V). (78.14) 

The Hamiltonian then becomes 
H = Eot+ ¥. &(p)by*by, (78.15) 
p+~o0 

where 

= 4Nmiv2+4 2» {5 =— =m (78.16) 


The Hamiltonian (78.15) and the Bose commutation relations for the opera- 


tors b,* , 5, show that 5, tand by are the “creation” and “annihilation”’ oper- 
ators for quasi-particles (elementary excitations) with energy «(p), obeying 


Bose statistics. The quantity b,*b, = n, is the number of quasi-particles with 
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momentum p, and formula (78.13) gives the relation between their energy and 
momentum; the occupation numbers for the quasi-particles are denoted by 
n, to distinguish them from the occupation numbers N, for the actual parti- 
ae of the gas. This completely determines the energy spectrum of the low 
excited states of the gas considered; it is, of course, a Bose-type spectrum (§66). 

The quantity Ey is the energy of the ground state of the gas. Replacing 
the summation over discrete values of p (in the volume V) by integration over 
p after multiplication by V/(2xh), we obtain after some calculation 

Ey = 2nh?a 7| 128 128 FF 
15x 4] 


(T. D. Lez and C. N. YANG 1957). This gives the first two terms of an ex- 
pansion of this quantity in powers of ./(a°N/V). However, even the next term 
can not be calculated by the above method; it must contain 1/V?, and a 
quantity of this order depends on ternary as well as binary collisions. 

For large momenta (p >> mu) the energy € (78.13) of the quasi-particles 
tends to p2/2m, i.e. to the kinetic energy of a single particle in the gas. For 
small momenta (p « mu) we have ¢ = up. It is easy to see that u is the 
velocity of sound in the gas, so that this expression is in accordance with the 
general statements in §66. At absolute zero the free energy is equal to E, and 
from the leading term in the expression for the latter we find the pressure 


p = _0E _ dala N? 
~ BV ms?" 


(78.17) 


The velocity of sound is u = +/(0P/0e), where 0 = mN/V is the gas density, 
and this agrees with (78.14)t. 

It may be noted that, in the gas model considered, the scattering amplitude 
a must necessarily be positive (corresponding to repulsion between the parti- 
cles). This is formally evident from the fact that imaginary terms appear in 

_the above formulae for the energy if a < 0. The significance of the condition 
a > O is that it is necessary in order to satisfy the thermodynamic inequality 
(OP/OV)_, < 0 in this model of a Bose gas. 

The statistical distribution of elementary excitations at a non-zero tem- 
perature is given simply by the Bose distribution formula (with zero chemical 
potential): 

= 1/(e/T—1). 


The momentum distribution of the actual particles of the gas is easily cal- 
culated to be 
Ny = Gp* Gp. 
Tt The two limiting forms of e(p) can legitimately be considered in the approximation 


eee since the change from the phonon region (e = up) to the free-particle region (¢ = 
p?/2m) occurs at momenta p/h ~ mu/h ~ +/(aN/V), which satisfy the condition (78.1). 
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Substituting (78.11) and using the fact that the products b_yby and b,* bse 
have no diagonal matrix elements, we find 

= Mp +Ly%(ny + 1) 

Ny = a ; (78.18) 
This expression is, of course, valid only for p # 0. The number of particles 
with zero momentum is 


ae im vy f— 
= ee es (eee 3 78.19 
No = 1 Np |~ oop | Ny dp. (78.19) 

In particular, at absolute zero ny = 0 for p # 0, and from (78.12) and 
(78.18) we obtain the distribution function in the form? 


Noa (78.20) 
P ~~ 2e(p) {e(p) +p?/2m+mu?}" 


The departure of the Bose gas from the ideal state naturally causes the 
appearance of particles with non-zero momentum even at absolute zero; the 


integration in (78.19), with N, given by (78.20), is elementary, and the result is 


cva 3\ 1/2 
hay (*2) (78.21) 


N- 3a/n\V 


A further remark should be made concerning the spectrum considered here. 
For small p the derivative de/dp > u (the curve «(p) turning upwards away 
from the initial tangent « = up). It is easy to see that when the function é(p) 
is of this type the laws of conservation of energy and momentum allow a 
spontaneous decay of the quasi-particle (phonon) into two others. This means 
that the spectrum found is actually unstable throughout its extent (from small 
p onwards); the elementary excitations in it have a finite lifetime. The spon- 
taneous decay time is large, however, so that the corresponding level width 
is small (being proportional to p® when p is small) and does not affect the 
results obtained in the approximations considered here.+ 


t It may be noted that the maximum number of particles having a given magnitude of 
the momentum (~ p?N,) lies at p/A ~ »/(aN/V), where the change occurs from one limiting 
form of e(p) to the other. This has already been mentioned in the first footnote to this 
section. 

t The spectrum of an actual Bose-type quantum liquid (liquid He*) does not possess such 
an instability. Here the curve e(p) turns downwards from the initial tangent « = up, and 
so the spontaneous decay of the phonon is not possible. The finite lifetime of the phonon 
then depends only on its interaction (by collisions) with other quasi-particles, and when 
their concentration is small the lifetime is very long. 
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§79. A degenerate ‘‘almost ideal’’ Fermi gas with repulsion between the 
particles 


For a degenerate “almost ideal” Fermi gas, models are in principle allow- 
able with either a repulsive (scattering amplitude a > 0) or an attractive 
(a < 0) type of interaction between particles, but the properties of the gas 
are entirely different in these two cases. We shall first consider the case of 
repulsive interaction. 

The state of a free particle with non-zero spin (which we shall assume to 
be 4) is determined by the z-component a of the spin as well as by the mo- 
mentum p. Accordingly, the second quantisation operators will be written 
with double suffixes, and (78.3) becomes 

i= De Na! ek 
= » am 40° Apot+ 
ve bs ve Beet iy tay! Apy'on’ Epox por" (79.1) 

As in (78.3), we replace all the matrix elements in the second term by the 

value 

001’, 002" 

001, 009 
which they have when the particle momenta are zero. Next, we note that, 
since the operators 4, ,., dp,., anticommute in Fermi statistics, their product 
is antisymmetric with respect to interchange of the suffixes, and the same is 
true of the products Aya Apy'a' Thus all terms in the second sum in 
(79.1) which contain the same pairs of suffixes 01,02 or 01',09' are zero. 
Physically this occurs because, in the limiting case of slow collisions of like 
particles, only particles with opposite spins can scatter each other.* 

Using the notationt 


Uo/V = Ut: 9= — Upr7 05 (79.2) 
(the suffixes + and — henceforward denoting o = +4 and o = —4), we 
obtain the Hamiltonian in the form 
a BP ,.4. ,J0o0, a 
H=y os Apo" Apo + Y dp + Gpy—* Gp, Gp, 45 (79.3) 
Dp, Co 


the summation in the second term being over all values of the momenta 
subject to the conservation law pi+p2 = pi’ +Pp2’. 

The eigenvalues of this Hamiltonian are calculated by quantum perturba- 
tion theory in its usual form, regarding the second term in (79.3) (the energy 
of interaction of the particles) as a small correction to the first term (the 

t See Quantum Mechanics, §135. When f > constant, the amplitude in formula (135.3) 
tends to zero. 


+ If the interaction of the particles is independent of spin, the second term is zero (the 
collision does not change the spin of either particle separately). 
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kinetic energy). The latter is already in diagonal form, and its eigenvalues 


are 
EO) = > ia 
oe! y) Nyo- (79.4) 


The first-order correction is given by the diagonal matrix elements of the 
interaction energy: 


eae See (79.5) 


To find the second-order correction, we use the well-known formula of 
perturbation theory 
, |Vin |2 
E,® = Y" — ami 


> 
m Pca! 9 


where the suffixes n and m label the states of the unperturbed system as a 
whole. A simple calculation givest 


2 Np, +Np,—(1 — Mp, 4.) — np, _) 
U 2 Pit Po = + ; P2 719.6 
y? Mi ee pi’ (p,? + Pe? — py'*— p,'*)/2m ( ) 


(with p:+p2 = pi’+pe’). The structure of this expression is quite clear: the 
square of the matrix element for the transition pi, pe > pi’, pe’ is proportional 
to the occupation numbers of the states pi, pe and to the number of “vacan- 
cies” in the states pi’, po’. 

The second-order terms in the energy, however, are not all given by this 
expression. A contribution of the same order arises from (79.5) when Up is 
expressed in terms of the scattering amplitude. By the same method as that 
used to derive (78.9), we now find? 


es mUg 14 2Uo 2m 
ol V oy Pie +po2—p,y'? pp’ | 


Hence, expressing Uo in terms of a and substituting in (79.5), we obtain, as 
well as the first-order quantity 


E® = 72 a ee (79.7) 


t This sum in the form (79.6) is divergent owing to the replacement of all the matrix 
elements in (79.3) by a constant; its divergence does not affect the subsequent discussion 
(cf. the sixth footnote to §78). 

}{ By a we mean the scattering amplitude for slow particles, which is independent of their 
energy. The formula written here seems at first sight to involve a dependence on the mo- 
menta pj, Do. In reality, this dependence occurs only in the imaginary part of the amplitude 
(which appears when the correct method of summation is used), and this can be ignored, 
since we know that the final result will be real. 
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second-order terms which together with (79.6) give 


2g” Np, +"p.— [1 —Mpy +) — Mp, —) = 1] j 
ee Pi; De, Pr’ (Pp? + Po? — py’? — po'®)/2m 


for brevity the notation g = 42h?a/m is used in the intermediate formulae. 
Expanding the numerator, we see that the term containing the product of 
four m is zero, since its numerator is symmetric and its denominator anti- 
symmetric with respect to the interchange of pi, poand py’, po’; the summation 
over these variables is symmetrical. Thus we have finally 


E® = 2g Np, +Mp,—(Mpy'+ +Mp,’—) ; (79.8) 


By means of these formulae we can, first of all, calculate the energy of the 
ground state of the gas. To do so it is necessary to put all the n,, equal to 
unity within the Fermi sphere p < po and equal to zero outside. ik: In this 
connection it should be noted that, although in the original Hamiltonian the 
quantities d,,* d,, give the occupation numbers of the states of the gas parti- 
cles themselves, when it is diagonalised by means of perturbation theory we 
have a quasi-particle distribution function (which, as in §78, we denote by 

Ny); in the zero-order approximation this function has the values stated. 


Noting that 
>» p+ ~ Dd tips = 4N, 
P Pp 


we obtain from (79.7) the first-order correction E{? = 5gN?/ V. In (79.8) we 
replace the summation over the four momenta subject to the condition 
Pit p2 = pi'+Pp2’ by integration over pi, pe, pi’, pe’ after multiplication by 


v3 
Onhy 0(p1+ Po— Pi’ — Po’), 


so that 


8mV. 2 re) + , , 
Ey?) = —amay || [| Serpe Ae d3p; d3p2 d3py' d3pe’, 
1 1 


the integration being over the region pi, po, pi’ < po = A(322N/V)", the limit- 
ing momentum. The calculation of the integral’ leads to the following final 
result for the energy of the ground state (K. HUANG and C. N. YANG 1957): 


2N7\ 2/3 #2 2 
3 () nh? ztah [1435 Gr 


10\ V +N =i "(11=2log2)]. (79.9) 


HS m m V 


According to the general results given in §68 the spectrum of elementary 
excitations (i.e. the function «(p)) and the function f(p, §; p’, 8’) which is of 


T In practice it is simpler to take the calculation in a different order, first calculating the 
function f (see below). 
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importance in the theory of Fermi-type spectra are determined by the first 
and second variations of the total energy with respect to the quasi-particle 
distribution function. If we write E as a discrete sum over p and o, we have 
by definition 


OE = 2 e(P, 0) tiga ts L, SCP, 95 p’, 0’) po Onyrar3 (79.10) 


ZV» 6, pic 
after differentiating the energy, we must replace n,, by unity inside the Fermi 
sphere and zero outside it. 

There is no need to calculate the energy of the quasi-particles in this way, 
however, since the function ¢(p) is actually meaningful only near p = po 
(see §68), and there it is determined by the single parameter m*, which can 
also be found in a simpler manner (see below). 

To calculate the function f(p, 0; p’, 0’) we twice differentiate the sum of the 
expressions (79.7) and (79.8) and then put p = p’ = po. Effecting this simple 
calculation and changing from summation to integration, we obtain 


tof dy = o ome" o(p+p’ —Pi=P2) 
fl, 33 85-9 = 8—Gams || {onsen 
, S@+Pi—P’ —p2)+ d(p’+pi—P—P2) ) 43 45 
2(p1?— pp”) | dtp dps, 
SO, 4; P’, = S(p, —4;p’, — 


4mg ee P.’) + 6(p’ + pi — P— Pe) 
_ Ape pp Pe  d8p1 dp. 
arty || PP—P2? Coos 


The integration in these formulae is comparatively simple, because the 
multiplicity of the integrals is less. 

The final result must be put in a form independent of the choice of the z- 
axis along which the spin components are taken. This is achieved by using 
the operator §1°S2 of the product of the spins, whose eigenvalues for parallel 
and antiparallel spins are respectively 4 and —3. The result is 


= li 3N\ 1/8 cos 8 1+ sin 40 
i [+20 (> 7) (2425599 los | sin-49) | 


AU aA 1/3 6 
“ua Si° ia 1420 (5) (1- —4 sin 30 log -* S79 iain) | (79.11) 


V n 40 


where 0 is the angle between the vectors p and p’ (A. ABRIKOSOV and I. KHa- 
LATNIKOV 1957). 


t The function (79.11) tends logarithmically to infinity when 6 = x. This is a conse- 
quence of the approximations made. A more precise investigation shows that, although 6 = x 
is in fact a singular point of the function, the latter is zero there, not infinite. The inapplica- 
bility of formula (79.11) near @ = 2 is unimportant in subsequent applications, which con- 
' tain integrals convergent at that point. 
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The effective mass of the quasi-particles is obtained by integrating f, using 
formula (68.11), and is given by 


m* 8 3N \2 
m 15 ar 


[3 
HO este v} (7 log 2—1). (79.12) 


From formula (68.14) we can find the velocity of sound in the gas under 
consideration: 


V 


4/32 2/3 2 1/3 
ise a (7) ont 7} “a (=r) (11—2 log 2)| . (79.13) 
Integrating u2m/N with respect to N, we then obtain, in accordance with 
formula (68.12), the chemical potential u of the gas (at absolute zero), and a 
further integration with respect to N gives the expression (79.9) for the energy 
of the ground state: Ey = fu dN. 

Formula (79.9) represents the leading terms in an expansion of the energy 
of the gas in powers of a(N/V)"*. By similar though considerably more labo- 
rious calculations we could obtain some further terms in the expansion, since 
in a Fermi gas the ternary collisions contribute to the energy only in a com- 
paratively high approximation. Among three colliding particles, at least two 
have the same spin projection; the co-ordinate wave function of the system 
must be antisymmetric with respect to these two particles. This means that 
the orbital angular momentum of the relative motion of these particles is 
equal to at least 1 (p state). The corresponding wave functiont contains an 
extra power of the wave number k (as compared with the wave function of 
the s state), and therefore the probability of such a collision contains an extra 
factor k?, i.e. is reduced by a factor ~ (ka)? ~ a(N/V)? in comparison with 
the probability of a “head-on’”’ collision of particles not obeying PAULI’s 
principle. Thus ternary collisions give a contribution to the energy only in 
terms which contain the volume as V~2.V~2?'3, In other words, the charac- 
teristics of the binary collisions alone determine all terms in the expansion 
of the energy as far as those of order (ah®N?/mV)[a(N/V)"9}4 inclusive, i.e. 
three more terms after those written in (79.9). However, the characteristics 
of binary collisions will include not only the s-wave scattering amplitude for 
slow collisions (as in (79.9)) but also its energy derivatives and the p-wave 
scattering amplitude. 

In conclusion we may make one further remark with a view to the com- 
parison (in §80) with the properties of another type of Fermi gas. We have 
spoken here of quasi-particles whose number is equal to that of the gas 
particles; at JT = 0 these quasi-particles occupy the Fermi sphere. This cor- 
responds to the general treatment of a Fermi liquid given in §68 (where the 


t See Quantum Mechanics, §33. 
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relation between the magnitude of the limiting momentum po and the density 
of the liquid was formulated in this way). An equally reasonable view, how- 
ever, is one according to which the elementary excitations appear only when 
T ~ 0 and the fully occupied Fermi sphere is unobservable. In this picture 
the elementary excitations correspond to quasi-particles outside the Fermi 
sphere and “holes” within it; the energy « = v(p—po) must be ascribed to the 
former, and ¢ = v(po- p) to the latter. The statistical distribution of each is 
given by the Fermi distribution formula with zero chemical potential, in 
accordance with the fact that the number of quasi-particles is not constant 
but depends on the temperature (cf. (60.1)): 


ny = 1/(e!?+1). (79.14) 


§80. A degenerate ‘‘almost ideal’? Fermi gas with attraction between the 
particles 


At first sight the calculations given in §79 appear equally applicable for 
both repulsion and attraction between gas particles. In reality, however, in the 
case of attraction, the ground state of the system thus found is unstable with 
" respect to a certain rearrangement which alters its nature and decreases the 
energy. 

The origin of this rearrangement is indicated by the fact already mentioned 
in §79 that the expression (79.11) for the function /(@) obtained by means of 
perturbation theory has a singularity at 9 = a, i.e. when the momenta of the 
two quasi-particles are in opposite directions. Near this singularity, 


f ~ (1—481-S2) log (1—sin 46), 


i.e. the singularity exists only when the spins of the particles are antiparallel 
(since 1~4s,-s, = 0 when the spins are parallel). The appearance of this 
singularity indicates the invalidity of perturbation theory (in the form used in 
§79) when applied to the interaction of pairs of particles which are (in p-space) 
near the Fermi surface and have opposite momenta and spins. As will be seen 
from the results derived below, in the case of attraction it is just this inter- 
action which leads to novel effects.* 

It is clear from the foregoing that the system of operators 4,,, d,,* cor- 
responding to free states of individual particles of the gas can not serve as 
a correct initial approximation of perturbation theory. Instead of these, we 
must immediately define new operators, which will be written as the linear 


+ The problem considered here is the basis of the theory of superconductivity due to 
BARDEEN, Cooper and SCHRIEFFER (1957). In the solution given below we mainly follow 
the method developed by N. N. BoGotyusov (1958). 
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combinations 


by— = Updp— t+ UpG_p+*, re 


Bes: = UpAp+ —Vpa_y—t, 
of the operators of particles with opposite momenta and spins; when the gas 
is isotropic, the coefficients u,,, v, can depend only on the absolute magnitude 
of the momentum p. In order that these new operators should correspond 
to the creation and annihilation of quasi-particles, they must satisfy the same 
Fermi commutation rules as the previous operators: 


Byobpot + Byo* bps = 1 (80.2) 


and all other pairs of operators anticommute. For this to be so, the transfor- 
mation coefficients must satisfy the condition 


u2+0,2 = 1 (80.3) 


(u, and v, are assumed real, in order to make the quasi-particle occupation 
numbers real). The inverse transformation to (80.1) is 


Gps = Upby+ +0,b_»-t, (80 4) 


‘z ze A ux a + 
Gp_ = Upbyp_—Upb_p+". 


For the same reasons (the importance of the interaction between particles 
with opposite momenta and spins), we retain in the second sum in the Hamil- 
tonian (79.3) only the terms in which p: = —P2 = P, Pi’ = —Pp2’ = p’: 


5 Oe eee ee eee es 
H = »y Sp G00 Apo — Aes At Gog Gad. (80.5) 


where g = 42h? |a|/m (the scattering amplitude a is now negative). 

In the subsequent calculations it will be convenient to avoid the necessity 
of explicitly taking account of the constancy of the number of particles 
(atoms) in the system. In accordance with the general rules of statistical 
physics (cf. §35), this must be done by replacing the Hamiltonian function 
H by the difference H— uN, where the number N of particles is itself regarded 
as a variable; the chemical potential is then determined, in principle, by 
the condition that the mean value N is equal to the given number of particles 
in the system. In the second quantisation method this means that the Hamil- 
tonian A7 is replaced by the difference A — uN, where the operator 

N = Yi dpot dpe. 
p,¢o 
We shall henceforward refer to this difference as the Hamiltonian and denote 
it by A simply. 
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We also use the notation 
E, = p?/2m—u. 


Since 4 = p,”/2m, near the Fermi surface we have 

E, = u(p—Po), (80.6) 
where v = po/m. Subtracting uN from the expression (80.5), we can therefore 
write the initial Hamiltonian in the form 


H= » Ego" dye — = > Gy ++G_p_*+G_p_ip+. (80.7) 
po P,p’ 


In this Hamiltonian we make the transformation (80.4), use the relations 
(80.2) and (80.3) and replace the summation suffix p by — p, obtaining 


H= 2), Epp” +2 Fp(u,? ~0;2)(bp+ + Bp =e bp- +by-) — 
p p 
+2 » E Ug p(dps tb_p-t + b_»-bps)—E >» By* By, (80.8) 
By = U,2b_»_b p+ —0,2bp4+b_p_ + + UpUy(b_p-5_p_* ie bpst bp). 


The coefficients Uy» Up are now chosen from the condition of minimum 
energy E of the system for given entropy. The entropy is essentially defined 
by the combinatorial expression 


S = — DY [Mp log tyo+(1 — Myo) log (1 —Mpo)]. (80.9) 
DpD,¢ 


The condition mentioned is therefore equivalent to that of minimum energy 
for given occupation numbers n,, of the quasi-particles. 

In the Hamiltonian (80.8) the diagonal matrix elements contain only terms 
which include the products 


ee ne ee ee 
We therefore find 
E=2 » E0,2+ 2 Ep (Up? —V_2)(Mp+ +ny-)— 3 [ om Up p(1 — np ew |e 
= (80.10) 


Varying this expression with respect to the parameters wu, (using the relation 
u,?+v,* = 1), we obtain as the condition for a minimum 


> | Fotoe— 5, (ug?—v38) Y UpVp (1 Ny + ="y'-)| = Q. 
p’ 
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Hence we have the equationt 


2E UpVp = A(u,?—v,"), (80.11) 
with the notation 
A= ve Up p(1 — Ny + —Np’-)- (80.12) 


From (80.11) and (80.3) we can express u,, and v, in terms of &, and A 


1 é, ee 
ut = 2(+7aRtER)> nf = 5 (1 yar) (80.13) 


Substituting these values in (80.12), we obtain an equation which deter- 
mines 4: 
g 1—Mpy —Mp- 
VL PTE) ww (80.14) 

Let us now examine the relations just derived. We shall see that the quan- 
tity 4 plays a fundamental part in the theory of spectra of the type under 
consideration. Let us first calculate its value for T = 0 (denoted by Ap). 

For T = 0 there are no quasi-particles: n,, = ,_ = 0. It may be noted 
at once that the equation then obtained for A certainly could not have a 
solution for g < 0, i.e. in the case of repulsion (the signs of the two sides of the 
equation then being necessarily different). 

Changing from summation to integration in (80.14), we obtain the equation 


g Asp dp 


anh? | V(42+ee  * (80.15) 


The main contribution to this integral comes from the range of momenta 
where Jo « v|po —p| < vpo ~ wand the integral is logarithmic; the smallness 
of Mo in comparison with yu is confirmed by the result.t Then 


p? dp 
TPF = S| Jas Va =F) 


~ Por, 
= ss Se 


t It may be noted that by virtue of this relation all the pokes cancel in the Hamiltonian 


(80.8) which contain one pair of the operators bp+ +5_ p- +, i.e. the terms which correspond 
to the creation of one pair of quasi-particles with opposite momenta. These are just the 
terms which in the first order of perturbation theory might lead to divergent integrals. 
{For p » po, the quantity £, ~ p* and the integral as written here diverges as p. In 
reality, however, this divergence is spurious, and is removed by “renormalising” the rela- 
tion between the constant g (i.e. the scattering amplitude a) and the interaction potential, 
in the same way as in §§78 and 79. A consistent carrying out of the fairly complicated cal- 
culation makes it possible to determine also the coefficient 8 in the logarithm in (80.16). 
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where f is a numerical coefficient. Thus we find 


&Pom Bue = 
err log Ae (80.16) 
whence 
Ao ~ pe-2"Flampe = ye-*hl2p0| al, (80.17) 


Since po| a |/# « 1, Ao is exponentially small compared with yu. 

The most interesting result is the form of the energy spectrum of the system, 
ie. the energy €,, = €,_ = e(p) of the elementary excitations. We shall 
find this from the change in the energy E of the whole system when the occu- 
pation numbers of the quasi-particles vary, i.e. by varying EF with respect to 
Nyg- Since the values of u, and v, have already been chosen by equating to 
zero the derivatives of E with respect to them, the variation of E with respect 
to n,, can be effected with u, and v, constant. We then have from (80.10) 


6E 2 
nea ( = g(u,?—v,2) +2 UpVp )\ Up'Vp'(1 — npr — Mp’ _), 
Ups Up ip’ — 


and substitution of (80.12) and (80.13) gives 
e(p) = W(4+6,"). (80.18) 


This demonstrates a remarkable property of the energy spectrum of the 
system under consideration: the energy of a quasi-particle cannot be less than 
A, and this value is reached when p = po. In other words, the excited states 
of the system are separated from the ground state by an energy gap. The 
quasi-particles must appear in pairs, since they have a half-integral spin. In 
this sense we can say that the magnitude of the gap is 24. 


€ 


Fic. 11 


The spectrum (80.18) satisfies the superfluidity condition derived in §67: the 
minimum value of ¢/p is not zero. A Fermi gas with attraction between the 
particles must therefore be a superfluid. 

Fig. 11 gives a comparison of the dispersion relations for quasi-particles 
in a superfluid (upper curve) and a normal system (these names referring to 
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systems with spectra as considered in §§80 and 79 respectively). In the normal 
system the relation is given by the two straight lines « = v|p —po| in accord- 
ance with the discussion at the end of §79. 

The gap width A depends on the temperature, i.e. the shape of the spectrum 
itself depends on the statistical distribution of quasi-particles—a situation 
similar to that which occurs for a normal Fermi liquid (§68). Since, as the 
temperature increases, the occupation numbers of the quasi-particles increase 
(tending to unity), we see from (80.14) that 4 decreases and becomes zero at 
some finite temperature T,: the system passes from the superfluid to the nor- 
mal state. This point is a phase transition of the second kind, like the transi- 
tion in liquid helium (see §67). 

The presence of the energy gap in the spectrum under consideration can be 
intuitively regarded as resulting from the formation of bound states by pairs 
of attracting particles; then 24 is the binding energy of such a pair, which 
must be expended in order to disrupt it. It is worthy of note that this effect 
occurs in a Fermi gas for any attraction, however weak. Having zero spin, 
the pairs behave as Bose objects, and a finite number can reach the level of 
lowest energy, i.e. the level with zero total momentum. In this intuitive inter- 
pretation this effect is entirely analogous to the steady increase of particles 
in a state of zero energy in a Bose gas (Bose-Einstein condensation, see 
§59). 

The idea of bound pairs must not, of course, be taken too literally. It 
would be more precise to speak of a correlation between the states of a pair 
of particles in p-space, leading to a finite probability of the particles’ having 
zero total momentum. The spread dp of momentum values in the region of 
correlation corresponds to an energy of the order of 4, i.e. dp ~ A/v. The 
corresponding length / ~ h/ép ~ fhv/A gives the order of magnitude of the 
distances between particles with correlated momenta. This quantity for T = 0 
iS 


ly ~ (A/ pye7l2Po 121, (80.19) 


and, since in a degenerate Fermi gas #/po is equal in order of magnitude to the 
distances between atoms, we see that /o is very large in comparison with the 
latter. This shows very clearly the arbitrariness of the idea of bound pairs. 

Let us now determine explicitly the temperature dependence of the gap 
A(T). Writing equation (80.14) as 


485i usy™ 
ee 2V ie V a E 
(n, en = Ny), we note that the sum on the left-hand side differs from 


that for T = 0 only in that 4p is replaced by 4. Thus, using (80.16), we see 
that the left-hand side of the equation is equal to (gpom/2n?h') log (40/4). 
On the right-hand side we substitute for n, the Fermi distribution function 
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(with zero chemical potential; cf. the end of §79) and change from summation 
to integration over p (dp = dé/v): 


oo 


A dé 
log F = | Welrrp = 21(A/T), (80.20) 


where - 
dx 
TG SV ee es 
| VE ev ° 
0 


the limits of integration can be taken as + because of the rapid conver- 
gence of the integral. 
At low temperatures (T « 4) the calculation of the integral is simple? and 


A = Ao[1—+/(20T/Ao)e~ 07}. (80.21) 


In the region near the transition point, 4 is small, and the leading terms of 
the expansion of the integral 1(4/T) givet 
aT 7£(3) A? 


0 
log = log G+ gaa 7a (80.22) 


+ For large u the first term in the expansion of J(u) in powers of 1/u is 
Ku) = { oF onesie = +/(2/2u)e~“. 
0 
t To expand the integral J(u) for u ~ 0 we add and subtract the integral 


oo 


1 1 
-3f semis ae = — tanh > x] dx. 


0 
Then J = J,+J,, where 


1 1 
-3{ =. tanh — >* as Veta) tanh — 7 Vv (x?+ u)| dx. 
0 


In J, the integration of the first term in the integrand is elementary, and the second can 
be integrated by parts: 


sie 


__logx _ x 


‘= —logs u+s 2 f ‘cosht ix © 


The integral in this formula is equal to 2 log ae (where log y = C = 0.577 is EULER’S 


constant), and so J, = log (a/yu). 
The integral J, vanishes when u = 0. The first term in its expansion in powers of u? is 


I, = —$u? fae ( tanh $x) . 
J Xx 
0 


Substituting the well-known expansion 

= 1 
foes fo 
tanh 3 x me. mantle x? 
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Hence, first of all, we see that 4 is zero at a temperature given by 
fi = yAo/n => 0.57Ao, (80.23) 


which is small compared with the degeneracy temperature Ty ~ pw. Then we 
have to the first order in 7,—T 


A= iow (| 


— 3,067, J (1-7). (80.24) 


It remains for us to calculate the thermodynamic quantities for the gas. 
Let us first consider the region of low temperatures, T «J. To calculate the 
specific heat in this region, it is simplest to start from the formula 


OE = DV e,(dmpy + dnp_) = 2) epdny 
P P 


for the change in the total energy when the quasi-particle occupation numbers 
are varied. Dividing by 67 and changing from summation to integration, we 
obtain the specific heat: 


mpo ( on 
is 6p — V oe | ar 


—oo 


—e/T 


For T « A, the quasi-particle distribution function n = e~*, and so we 


have 


mpo 


— er See 20-—@/T 
C V -aps72 2 | ee dé 
0 
2mpA _, ig 
= *_ p- AT | p-ét/2T A 
V ap STe e |e dé, 
at, 
or, finally, 
— pmpoAo (4o\3” — 4g! T 
c= ye (=) e~ 407, (80.25) 


we obtain 


= 4 : f [(2Qn+ Saar 


l 
aa y (2n+1)8 
a u?+70(3)/877. 
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Thus when T ~ 0 the specific heat decreases exponentially—a direct conse- 
quence of the gap in the energy spectrum. 

In the subsequent calculations it is convenient to start from the thermo- 
dynamic potential Q, since the whole discussion takes place for a constant 
chemical potential of the system, not a constant number of particles in it.t 
We use the formula 


(62/8g)r, v,. = 0H/dg (80.26) 


(cf. (11.4) and (15.11)), where the parameter A is taken to be the coefficient g 
in the second term in the Hamiltonian (80.7), which describes the interaction 
of the gas particles. The mean value of this term is given by the last term in 
(80.10), which from (80.12) is equal to — VA?/g. We therefore have 02/dg = 
— VA?/g. When g ~ 0, the quantity 49 tends to zero, and therefore so does 
A. Hence, integrating this equation with respect to g over the range 0 to g, 
we find the difference between the thermodynamic potential Q in the super- 
fluid state and the value which it would have in the normal state (4 = 0) at 
the same temperature: 


0=0 ==) | dg. (80.27) 


According to the general rules (see (24.16)), this small correction, when ex- 
pressed in terms of the appropriate variables, is the same for all the thermo- 
dynamic potentials. 

At absolute zero 4 = 4o, and from (80.17) we have ddo/dg = 2n?h3Ao/ 
mpog”. Changing the integration over g in (80.27) into one over Jo, we find 
the following expression for the energy difference of the ground levels of the 
superfluid and normal systems: 


E,—En = —V(mp,/407h*) A,?. (80.28) 


The negative sign of this difference indicates that, as already mentioned at the 
beginning of this section, the “normal’’ ground state of the system is unstable 
for the case of attraction between the gas particles. 


t The chemical potential of the gas itself should not be confused with that of the quasi- 
particle gas (which is equal to zero). 

t Here the following remark is needed, on account of the approximations which we have 
made from the start. When g = 0, no interaction between the particles remains in the 
Hamiltonian (80.7), and it might be thought that the result is an ideal Fermi gas, not a 
“normal” non-ideal gas. In reality, however, the Hamiltonian (80.7) already involves 
approximations such that there can be no question of calculating the absolute value of the 
energy. Interaction terms have been omitted which give a contribution to the energy 
(although they do not affect the form of the spectrum or the difference 2,—,), and this 
contribution is large compared with the exponentially small quantity (80.27); it is in fact 
the contribution proportional to Ng which has been calculated in (79.9). 
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Let us now consider the opposite case, T + T,. Differentiating equation 
(80.22) with respect to g, we find 


7€(3) d4y = 2n*h ae 
mer? 414 = = mpo 2? 


Substituting dg/g? from here in formula (80.27), and taking this formula as 
the difference of free energies, we have 
4 
7C(3)mpo [ 
F,— Fy _— Y aT? | A3 dA 
0 


and finally, using (80.24), 


2mpol 2 T \? 

pope oe (1-7 80.29 

s n 16(3)h8 T. ( ) 

The entropy difference is therefore 
a 4mpolT, T 
Si Sn =]—V apes (1-7). 
The difference of specific heats tends to a finite value as T + T,: 
Ampol, 
Ca 763% a 


i.e. the specific heat has a discontinuity at the transition point, with C, > C,,. 
The specific heat of the normal state is given (in the first approximation) by 
the ideal-gas formula (57.6), and, expressed in terms of po, itis C,, = mpoIV/3. 
The ratio of specific heats at the transition point is therefore 


CAT.) 12 
CAT.) — Fe) * 
As regards its superfluidity, the gas is characterised by the division of its 


density @ into normal and superfluid “parts”. According to (67.3) the normal 
part of the density is 


+1 = 2.43. (80.30) 


_ An co oy 


__Por_ [dn 
a de dé. 


The total density of the gas is related to po by 9 = mN/V = 8up,3m/3(2ah), 
and hence 


=" = fa dé. (80.31) 
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This integral need not be specially calculated, since it can be reduced to the 
known function A(T). Differentiating equation (80.20) with respect to T and 
comparing the resulting integral with (80.31), we see that 


0 _,4 
Substituting the limiting expressions (80.21), (80.24), we obtain 
Onlo = /(2nAo/T)e-“/? = as T + 0, 
(80.33) 


os/o = 2(1—T/T,) as T+ T,. 


Finally, two further comments are needed concerning the validity of the 
above formulae throughout the temperature range from 0 to T,. Although 
the formulae given for small T,—T have a range of applicability, they 
actually become invalid sufficiently close to the transition point. Processes of 
mutual scattering of quasi-particles (ignored by us) must here cause the 
appearance of a singularity in the thermodynamic quantities, the nature of 
which is as yet unknown. This problem is related to the still unsolved general 
problem of the singularity of the thermodynamic quantities at a phase tran- 
sition point of the second kind (see §138). Owing to the presence of a small 
parameter (the coupling constant g) in the model considered, the range of 
influence of this singularity will extend only to the immediate neighbourhood 
of the transition point.t 

As in an “ordinary” superfluid (§67), so also in the Fermi gas considered 
here (unlike the Fermi gas with repulsion; cf. the penultimate footnote to 
§68) sound can be propagated, with a velocity u ~ po/m determined in the 
usual way by the compressibility of the medium. This means that, together 
with the Fermi-type excitation spectrum discussed here, the spectrum of such 
a gas contains also a phonon (Bose) branch of excitations. The specific heat 
due to the phonons is proportional to T? with a very small coefficient, but 
as T + 0 it must ultimately predominate over the exponentially decreasing 
specific heat (80.25).t 


t The size of the neighbourhood can be estimated from the magnitude of fluctuations in 
the model considered: the theory becomes inapplicable when the fluctuations are no longer 
small. This estimate gives the condition (T—T,)/T. ~ (T./u)*; see V. L. GINZBURG, 
Soviet Physics Solid State 2, 1824, 1961. 

t This effect does not occur in the charged “electron liquid” in superconductors. 


CHAPTER VIII 


PHASE EQUILIBRIUM 


§81. Conditions of phase equilibrium 


THE (equilibrium) state of a homogeneous body is determined by specifying 
any two thermodynamic quantities, for example the volume V and the energy 
E. There is, however, no reason to suppose that for every given pair of values 
of V and E the state of the body corresponding to thermal equilibrium will be 
homogeneous. It may be that for a given volume and energy in thermal 
equilibrium the body is not homogeneous, but separates into two homoge- 
neous parts in contact which are in different states. 

Such states of matter which can exist simultaneously in equilibrium with 
one another and in contact are described as different phases. 

Let us write down the conditions for equilibrium between two phases. 
First of all, as for any bodies in equilibrium, the temperatures 7; and T2 of 
the two phases must be equal: 


Ti = To. 
The pressures in the two phases must also be equal: 
P 1 = P 2> 


since the forces exerted by the two phases on each other at their surface of 
contact must be equal and opposite. Finally, the chemical potentials of the 
two phases must be equal: 

M1 = ba; 


this condition is derived for the two phases in exactly the same way as in §25 
for any two adjoining regions of a body. If the potentials are expressed as 
functions of pressure and temperature, and the common temperature and 
pressure are denoted by 7 and P, we have 


uP, T) = Ll P, T), (81.1) 


whence the pressure and temperature of phases in equilibrium can be ex- 
pressed as functions of each other. Thus two phases can not be in equilibrium 
with each other at all pressures and temperatures; when one of these is given, 
the other is completely determined. 
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If the pressure and temperature are plotted as co-ordinates, the points at 
which phase equilibrium is possible will lie on a curve (the phase equilibrium 
curve), and the points lying on either side of the curve will represent homo- 
geneous states of the body. When the state of the body varies along a line 
which intersects the equilibrium curve, the phases separate at the point of 
intersection and the body then changes to the other phase. It may be noted 
that, when the state of the body changes slowly, it may sometimes remain 
homogeneous even when the phases should separate in complete equilibrium. 
Examples are supercooled vapours and superheated liquids, but such states 
are only metastable. 


Fic. 12 


If the equilibrium of phases is plotted in a diagram with temperature and 
volume (of a fixed quantity of matter) as co-ordinates, then the states in 
which two phases exist simultaneously will occupy a whole region of the 
plane, and not simply a curve. This difference from the (P, T) diagram arises 
because the volume V, unlike the pressure, is not the same for the two phases. 
The resulting diagram is of the kind shown in Fig. 12. Points in the regions I 
and II on either side of the hatched area correspond to homogeneous first 
and second phases. The hatched area represents states in which the two phases 
are in equilibrium: at any point a the phases I and II are in equilibrium, with 
specific volumes given by the abscissae of the points 1 and 2 which lie on a 
horizontal line through a. It is easily deduced directly from the mass balance 
that the quantities of phases I and II are inversely proportional to the lengths 
of the segments al and a2; this is called the lever rule. 

In a similar way to the conditions for equilibrium of two phases, the 
equilibrium of three phases of the same substance is governed by the equa- 
tions 

P, = Po = Ps, T; = Tz = Ts, 1 = po = ps. (81.2) 


If the common values of the pressure and temperature of the three phases are 
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again denoted by P and 7, we have the conditions 
fi(P, T) = wal P, T) = palP, T). (81.3) 


These give two equations in the two unknowns P and T, and their solutions 
are specific pairs of values of P and T. The states in which three phases are 
simultaneously present (called triple points) in the (P, T) diagram are repre- 
sented by isolated points which are the points of intersection of the equilib- 
rium curves of each pair of phases (Fig. 13, where regions I, II, II are those 
of the three homogeneous phases). The equilibrium of more than three phases 
of the same substance is clearly impossible. 


Fic. 13 Fic. 14 


In the (7, V) diagram the neighbourhood of the triple point has the appear- 
ance shown in Fig. 14, where the hatched areas are those of equilibrium of 
two phases; the specific volumes of the three phases in equilibrium at the 
triple point (at the temperature 7;,) are given by the abscissae of the points 
1,.2,.3. 

The change from one phase to another is accompanied by the evolution or 
absorption of a certain quantity of heat, called the /atent heat of transition 
or simply the heat of transition. According to the conditions of equilibrium 
such a transition occurs at constant pressure and temperature. But in a pro- 
cess occurring at constant pressure the quantity of heat absorbed by the body 
is equal to the change in its heat function. The heat of transition q per mole- 
cule is therefore 

q = We-W1, (81.4) 


where w, and wz are the heat functions per molecule of the two phases. The 
quantity qg is positive if heat is absorbed by the body in changing from the 
first to the second phase, and negative if heat is evolved. 

Since, for bodies consisting of a single substance, » is the thermodynamic 
potential per molecule, we can write u = e—Ts+Pv (where «, s, v are the 
molecular energy, entropy and volume). The condition 1 = we therefore 
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gives 
(€2--€1)—T(se—51) + P(ve—01) = (we— Wi)—T(se—s1) = 0, 
where 7 and P are the temperature and pressure of both phases; hence 


q = T(s2- 53). (81.5) 


We may note that this formula also follows directly from g = fT ds with T 
constant; the latter formula is applicable here, since the transition is revers- 
ible: the two phases remain in equilibrium during the transition process. 


u 


To 
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Let the two curves in Fig. 15 represent the chemical potentials of the two 
phases as functions of temperature (at a given pressure). The point of inter- 
section of the two curves gives the temperature To for which (at the given 
pressure) the two phases can exist in equilibrium. At any other temperature 
only one or the other phase can exist. It is easy to see that at temperatures 
below 7» the first phase exists, i.e. is stable, and at temperatures above Jo 
the second phase. This follows because the stable state is the one where u 
is smaller, since the thermodynamic potential tends to a minimum for given 
P and T. At the point of intersection of the two curves, the derivative 0u/0T 
is greater than Ou2/OT, i.e. the entropy of the first phase, 5, = —0y3/OT, is 
less than that of the second phase, ss = —Op2/dT. The heat of transition 
q = T(S2—S1) is therefore positive. Thus we conclude that, if the body goes 
from one phase to another when the temperature is raised, heat is absorbed 
in the process. This result could also be derived from LE CHATELIER’s prin- 
ciple. 

PROBLEMS 
PROBLEM 1. Determine the temperature dependence of the saturated vapour pressure 


above a solid. The vapour is regarded as an ideal gas, and both the gas and the solid have 
constant specific heats. 


SOLUTION. The chemical potential of the vapour is given by formula (43.3) and that of 
the solid by (62.6); since the saturated vapour pressure is relatively small, the quantity 
PV may be neglected for the solid, and ® taken as equal to F. Equating the two expressions, 
we find 

P = constant XT (¢p2—¢1)e(£01—F02)/ T, 


where the suffix 1 refers to the solid and 2 to the vapour. 
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In the same approximation, the heat function of the solid may be taken as equal to its 
energy; the heat of transition (heat of sublimation) g = w,—w, is 
q = (Cy. — C1) T + (E02 — £01). 
In particular, for T = 0 the heat of transition is gg = &92—€ 1, So that we can write 
P = constant x T{p2—e—l 7, 
PROBLEM 2. Determine the rate of evaporation from a condensed state into a vacuum. 


SOLUTION. The rate of evaporation into a vacuum is determined by the number of 
particles which leave unit surface area of the body per unit time. Let us consider a body in 
equilibrium with its saturated vapour. Then the number of particles leaving the surface is 
equal to the number which strike and “adhere to” this surface in the same time, i.e. 
P,(1 —R)/V/(22mT), where Po = P,(T) is the saturated vapour pressure, and R a mean 
“reflection coefficient” for gas particles colliding with the surface (see (39.2)). If Po is not 
too large, the number of particles leaving the surface of the body is independent of whether 
there is vapour in the surrounding space, so that the above expression gives the required 
rate of evaporation into a vacuum. 


§82. The Clapeyron-—Clausius formula 


Let us differentiate both sides of the equilibrium condition u(P, T) = 
fi2o(P, T) with respect to temperature, bearing in mind, of course, that the 
pressure P is not an independent variable but a function of temperature 
determined by this same equation. We therefore write 


ity, Oy AP _ Oa , Oa dP 
of oP dT OT OP dT’ 
since (O0u/0T)p = —s, (Ou/OP), = v (see (24.12)), this gives 


dP S1— SQ 
a oa (82.1) 


where Si, 1, S2, V2 are the molecular entropies and volumes of the two phases. 

In this formula the difference s;~—s2 may conveniently be expressed in 
terms of the heat of transition from one phase to the other. Substituting 
q = T(s2—51), we obtain the Clapeyron—Clausius formula: 


dP q 


This gives the change in the pressure of phases in equilibrium when the 
temperature changes or, in other words, the change in pressure with tem- 
perature along the phase equilibrium curve. The same formula written as 


aT T(v2—1) 
dP q 


gives the change in the temperature of the transition between phases (e.g. 
freezing point or boiling point) when the pressure changes. Since the molecular 
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volume of the gas is always greater than that of the liquid, and heat is 
absorbed in the passage from liquid to vapour, it follows that the boiling 
point always rises when the pressure increases (d7/dP > 0). The freezing 
point may rise or fall with increasing pressure, according as the volume 
increases or decreases on melting. 

All these consequences of formula (82.2) are in full agreement with LE 
CHATELIER’s principle. Let us consider, for example, a liquid in equilibrium 
with its saturated vapour. If the pressure is increased, the boiling point must 
. rise, and so some of the vapour will become liquid; this in turn will cause a 
decrease in pressure, so that the system acts as if to oppose the interaction 
which disturbs its equilibrium. 

Let us consider the particular case of formula (82.2) which relates to equi- 
librium between a solid or liquid and its vapour. Then formula (82.2) deter- 
mines the change in the saturated vapour pressure with temperature. 

The volume of a gas is usually much greater than that of a liquid or solid 
containing the same number of particles. We can therefore neglect the volume 
v1 in (82.2) in comparison with ve (the second phase being taken to be a gas), 
i.e. write dP/dT = q/Tve. Regarding the vapour as an ideal gas, we can 
express its volume in terms of the pressure and temperature by ve = 7T/P; 
then dP/dT = qP/T?, or 


d log P/dT = q/T?. (82.3) 


We may note that, in temperature intervals over which the heat of transition 
may be regarded as constant, the saturated vapour pressure varies exponen- 
tially with the temperature (~ e797), 


PROBLEMS 


PROBLEM 1. Determine the specific heat of a vapour along the equilibrium curve of the 
liquid and its saturated vapour (i.e. the specific heat for a process in which the liquid is 
always in equilibrium with its saturated vapour). The vapour is regarded as an ideal gas. 


SOLUTION. The required specific heat h = Tds/d7, where ds/dT is the derivative along 
the equilibrium curve: 


ds Os Os\ dP _ Ov\ dP 
ne ag  (sz),+7 (sp), a7 ee? ad (7), ar’ 


Substituting the expression given by (82.3) for dP/d7, and v = T/P, we find 
h = c,—@Q/T. 


At low temperatures, / is negative, i.e. if heat is removed in such a way that the vapour is 
always in equilibrium with the liquid, its temperature can increase. 


PROBLEM 2. Determine the change in the volume of a vapour with temperature in a 
process where the vapour is always in equilibrium with the liquid (i.e. along the equili- 
brium curve of the liquid and its vapour). 
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SOLUTION. We have to determine the derivative dv/dT along the equilibrium curve: 


t= (Gr) +(&) 
ar \6T), \OP/,dT° 
Substituting from (82.3), and » = 7/P, we find 
(9 
dr P Ty 


At low temperatures do/dT < 0, i.e. the vapour volume decreases with increasing tempera- 
ture in the process considered. 


§83. The critical point 


The phase equilibrium curve (in the PT-plane) may terminate at a certain 
point (Fig. 16), called the critical point; the corresponding temperature and 
pressure are the critical temperature and the critical pressure. At tempera- 
tures above 7, and pressures higher than P,, no difference of phases exists, 
the substance is always homogeneous, and we can say that at the critical 
point the two phases become identical. The concept of the critical point was 
first used by D. I. MENDELEEV (1860). 


P 


Fic. 16 Fic. 17 


In the co-ordinates T, V, when there is a critical point, the equilibrium 
diagram appears as in Fig. 17. As the temperature approaches its critical 
value, the specific volumes of the phases in equilibrium become closer, and 
at the critical point (K in Fig. 17) they coincide. The diagram in the co- 
ordinates P, V has a similar form. 

When there is a critical point, a continuous transition can be effected 
between any two states of the substance without its ever separating into two 
phases. To achieve this, the state must be varied along a curve which passes 
round the critical point and nowhere intersects the equilibrium curve. In this 
sense, when there is a critical point, the concept of different phases is itself 
arbitrary, and it is not possible to say in every case which states have one 
phase and which have two. Strictly speaking, there can be said to be two 
phases only when they exist simultaneously and in contact—that is, at points 
lying on the equilibrium curve. 
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It is clear that the critical point can exist only for phases such that the 
difference between them is purely quantitative, for example a liquid and a gas 
differing only in the degree of interaction between the molecules. 

On the other hand, such phases as a liquid and a solid (crystal), or different 
crystal modifications of a substance, are qualitatively different, since they 
have different internal symmetry (this is discussed further in Chapter XIII). 
It is clear that we can say only that a particular symmetry property (symmetry 
element) exists or does not exist; it can appear or disappear only as a whole, 
not gradually. In each state the body will have one symmetry or the other, and 
so we can always say to which of the two phases it belongs. The critical point 
therefore cannot exist for such phases, and the equilibrium curve must either 
go to infinity or terminate by intersecting the equilibrium curves of other 
phases. 

An ordinary phase transition point is not a mathematical singularity of the 
thermodynamic quantities of the substance. For each of the phases can exist 
(though in a metastable state) beyond the transition point; the thermo- 
dynamic inequalities are not violated at that point. At the transition point the 
chemical potentials of the two phases are equal: (P, T) = po(P, T); but this 
point has no special property with respect to either one of the functions 


ui(P, T) and ps(P, T).* 


Fic. 18 


Let us plot in the PV-plane an isotherm of the liquid and gas, i.e. the curve 
of P as a function of V in an isothermal expansion of a homogeneous body 
(abc and def in Fig.18). According to the thermodynamic inequality (0P/0V);< 
0, P is a decreasing function of V. This slope of the isotherms must continue 


t It must be noted, however, that there is some degree of arbitrariness in these statements, 
due to an indeterminateness of u(P, T) in the region of metastability. The metastable state 
is one of partial equilibrium, having a certain relaxation time, in this case for the process 
of formation of nuclei of a new phase (see §150). The thermodynamic functions in such a 
state can therefore be defined only without taking account of these processes, and they can 
not be regarded as the analytic continuation of the functions from the region of stability 
corresponding to the complete equilibrium states of the substance. ; 


§83 The Critical Point 265 


for some distance beyond their intersections (6 and e) with the liquid-gas 
equilibrium curve; the segments be and ed of the isotherms correspond 
to metastable superheated liquid and supercooled vapour, in which the 
thermodynamic inequalities are still satisfied.t If we use the fact that the 
points b and e, which correspond to liquid and gas in equilibrium with each 
other, have the same ordinate P, it is clear that the two isotherms cannot pass 
continuously into each other; there must be a discontinuity between them. The 
isotherms terminate at points (c and d) where the thermodynamic inequality 
ceases to hold, i.e. (OP/OV), becomes equal to zero. By constructing the 
locus of the points of termination of the isotherms of the liquid and gas, 
we obtain a curve (AKB in Fig. 18) on which the thermodynamic inequalities 
are violated (for a homogeneous body), and which is the boundary of a 
region in which the body can never exist in a homogeneous state. The regions 
between this curve and the phase equilibrium curve correspond to super- 
heated liquid and supercooled vapour. It is evident that at the critical point 
the two curves must touch, as shown in Fig. 18. 

Of the points lying on the curve AKB itself, only one, namely the critical 
point K, corresponds to an actually existing state of the homogeneous body; 
this is the only point where the curve reaches the region of stable homoge- 
neous states. According to the above discussion, we have in the critical state 


(OP/OV) > = 0. (83.1) 


It will be shown in §84 that, for such a state to be stable, the second derivative 


must also be zero: 
(o?P/oV?), = 0. (83.2) 


The conditions (83.1) and (83.2) are two equations in two unknowns, and 
can be satisfied only at an isolated point, the critical point of the substance. 

It is worth mentioning that the condition (83.1) at the critical point can 
also be derived from the following simple considerations. Near the critical 
point, the specific volumes of the liquid and the vapour are almost the same; 
denoting them by V and V+ 6V, we can write the condition for equal press- 
ures of the two phases as 


P(V, T) = P(V+6V, T). (83.3) 
Expanding the right-hand side in powers of 6V and dividing by the small but 
finite quantity 6V, we have 


(sr) +H” (5), = 0. (83.4) 


t A complete-equilibrium isothermal change of state between the points 5 and e corre- 
sponds, of course, to the horizontal straight line be, on which separation into two phases 
occurs, 
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Hence we see that, when OV tends to zero, i.e. at the critical point, (0P/0V), 
must tend to zero. 

In connection with the discussion of metastable states of a liquid, the 
following interesting point may be noted. The segment of the isotherm which 
corresponds to superheated liquid (bc in Fig. 18) may lie partly below the 
axis of abscissae. That is, a superheated liquid may have a negative pressure. 
Such a liquid exerts an inward force on its boundary surface. Thus the press- 
ure is not necessarily positive, and there can exist in Nature states (though 
only metastable ones) of a body with negative pressures, as already mentioned 
in §12. 
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There is very good reason to suppose that the boundary of the region where 
a homogeneous body cannot exist (the line AKB in Fig. 18) is a line of singu- 
larities of the thermodynamic quantities. However, no theoretical analysis 
of this problem has yet been made, and the nature of the singularity is un- 
known; the theory given in this section is essentially based on the hypothesis 
that on the line in question, and in particular at the critical point itself, the 
thermodynamic quantities of the substance (as functions of the variables V 
and 7) have no mathematical singularity, so that this curve is characterised 
only by the vanishing of (OP/dV),.' In this Situation it is impossible to say 
which of the results of the discussion will be retained in a correct theory end 
which will undergo substantial changes. — 

With this restriction in mind, let us begin by deriving the conditions for 
stability of the state of the substance at the critical point itself. In the deriva- 
tion of the thermodynamic inequalities in §21 we started from the condition 
(21.1), which led to the inequality (21.2), which is satisfied if the conditions 
(21.3),(21.4) hold. The case (6@P/8V)7 = 0 of interest here corresponds to the 
particular case of the extremum conditions with the equality sign in (21.4): 


OE OE / OE \? 
oS? OV? — (sas) ive von 


The quadratic form in (21.2) may now be either positive or zero, depending 
on the values of 6S and 6V, and so the question whether E—7>S+PoV has a 
minimum requires further investigation. 

We must obviously examine the case where in fact the equality sign occurs 
in (21.2): 


OF 59 8V+ o£ 


asa VE E (vy (84.2) 


oS (0S) + 250, 


t As functions of the variables P, T, the thermodynamic quantities have a singularity 
due to the vanishing of the Jacobian O(P, T)/O(V, T) of the transformation of variables. 
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Using (84.1), this equation may be written 


1 O2E OPE 1 OE 
_ 1 (®E _ 
SE OS (55: OS +a cay av) = BES? Ee 55| = = (C,/T) (6T)? = 0. 


Thus the equation (84.2) implies that we must consider deviations from equi- 
librium at constant temperature (67 = 0). 

At constant temperature the original inequality (21.1) becomes 6F+POV > 
0. Expanding 6F in powers of 5V and making use of the assumption that 
&F/oV? = —(O@P/8V)_7 = 0, we find 


1 /eP 1 /a°P 
> Po 384. fo 4 
i (a2), Y +7 (ss)_0” +... <0, 


If this inequality holds for all 6V, we must have 
(0?P/OV?)7 = 0, (O3P/OV?)7 < 0. (84.3) 


It may be noted that the case of equality in (21.3) (62£/8S2 = 0, or what 
is the same thing, C, = ) is impossible in this discussion, since the condi- 
tion (21.4) would then be violated. The simultaneous vanishing of the two 
expressions (21.3) and (21.4) is also impossible: if we add a further condition 
to the vanishing of (OP/OV), and (02P/OV?).,, there result three equations in 
two unknowns, which in general have no common solution.t 

Let us now consider the equation of state of a substance near the critical 
point. We shall use the notation? 


T-T,=t, V-V.=», 


and consider the properties of the substance when v and ¢ are small. Taking 
oaly the leading terms in the expansion, we write 


~(8P/OV)¢ = At+ Br?. (84.4) 


There is no term proportional to v, since the coefficient of v is the second 
derivative of the pressure with respect to the volume, which is zero at the 
critical point. The term containing the product tv is always less than At, and 
the same is true of the term proportional to ¢?. The term By? must be retained, 
on the other hand, since, although both ¢ and v are assumed small, nothing is 
assumed regarding their relative magnitude, so that the term Bv? is not neces- 
sarily less than At. 


t The vanishing of the derivatives (@P/OV), and (6?P/OV%)z at the critical point may 
apparently be regarded as confirmed by experimental data. It may not be so certain that 
the third derivative (09P/QV*), is finite. There are also results which indicate that the 
specific heat C, becomes infinite at the critical point, which the theory described here does 
not give reason to assume. 

t The wv used in this section should not be confused with that in other sections, which 
denotes the molecular volume. 


268 Phase Equilibrium §84 


Since (6?P/0V3), < 0 at the critical point, the coefficient B must be posi- 
tive. Moreover, we must have —(0P/OV), => 0 at all points near the critical 
point which represent a stable state of the substance. This applies, in partic- 
ular, to all points with t > 0 (where separation into phases never occurs). 
Hence it follows that the coefficient A is also positive. From (84.4) we obtain 
for the pressure the expression 


P = —Atvu—1B+/f(t), (84.5) 


where f(t) is a function of t only, which is unimportant for our purposes. 

Formula (84.5) determines the form of the isotherms of a homogeneous sub- 
stance near the critical point. For ¢ > 0, the isotherm P(v) is a monotonically 
decreasing function (curve 1 in Fig. 19). The isotherm (curve 2) which corre- 
sponds to the critical temperature (t = 0) has a point of inflection at the crit- 
ical point (v = 0). 


Finally, below the critical temperature (¢ < 0), the isotherms (curves 3 and 
4) have a maximum and a minimum, between which is a segment with 
(OP/ov), > 0 (shown by broken lines in Fig. 19), which does not correspond 
to any homogeneous states of matter that actually exist in Nature.* 

As has been explained in §83, the equilibrium passage from liquid to gas 
corresponds to a straight horizontal segment (AD on isotherm 4), AB is the 
isotherm of the superheated liquid, and DC that of the supercooled vapour. 

Let us determine the abscissae of the points A and D, i.e. the volumes v1 
and v2 of liquid and gas in equilibrium. We can write down the condition 


t In reality we may expect that there will be no curve BC ina theory which correctly 
takes account of the singularity of the thermodynamic quantities at the boundary of the 
metastable states. 

} By the volume we everywhere mean, of course, the volume of a given quantity of the 
substance. 
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of phase equilibrium v1 = pe2inthe form 


2 


[du=o. 


1 


where the integral is taken along the path of transition from a state of one 
phase to a state of the other phase. Let us take the integration along the iso- 
therm ABCD. Since for T = constant we have du = V dP = (V,+v) dP, it 
follows that 


2 2 
1 1 


but the pressures of the two phases are equal in equilibrium, P; = Pe, so that 
we have finally 
Ve 


2 
[° dP = | eerren dv = 0. (84.6) 


U 


Substituting the expression (84.4) near the critical point, we find that the 
integrand is an odd function of v, and so we must clearly have v1; = ~vz. 
Using now the condition P; = P2 and formula (84.5), we find 


i.e. At+4Bv,? = 0. Hence 
V1 = —V2 = —/(—3At/B). (84.7) 


Thus v1 and v2 are equal in absolute magnitude and proportional to the square 
root of T,—T. In other words, the phase equilibrium curve in the (T, v) dia- 
gram has a simple maximum at the critical point. 

It is easy to determine also the volumes v1’ and v,’ which correspond to the 
boundaries of the metastable regions (the points B and C on isotherm 4 in 
Fig. 19). At these points 


 —(0P/dv); = At+ Bu? = 0, 
whence 


e 
i) 

Il 

| 

Ss 
lI 


"= —4/(—At/B). (84.8) 


These volumes are also proportional to the square root of T,—T, and smaller 
than the volumes vy, and ve for the same temperature by a factor of 4/3. 

The heat of transition (latent heat of evaporation) is zero at the critical 
point. Since the temperature of the two phases in equilibrium is the same, and 


270 Phase Equilibrium §85 


the volume difference near the critical point is small, we can write the heat of 
transition as 

gq = T(Se—S1) = T(0S/0v)(v2—11). (84.9) 
Since the difference v2—11 is proportional to »/(T,—T), the heat of transition 
is proportional to the same square root. 

From the formula 
[(OP/0t),] 
(oP/dv), 
it follows that the specific heat C, becomes infinite at the critical point as 
(OP/dv), vanishes. Substituting (84.4) in this formula, we find 
Cy ~ 1/(At+ Bo). (84.10) 


In particular, for states on the equilibrium curve, v is proportional to 4/2, 
and soC, ~ I/t. 


C,—-C, = —T 


§85. The law of corresponding states 
VAN DER WAALS’ interpolation formula for the equation of state, 
N?a 
— — = NT. 
(P+ 77) (V—Nb) 


is in qualitative agreement with the properties of the liquid-vapour transition 
which have been described in the preceding sections. The isotherms deter- 
mined by this equation are shown in Fig. 20. They are easily seen to be similar to 


Fic. 20° 


those shown in Fig. 19. Here also horizontal straight segments correspond to 
the equilibrium transition from liquid to vapour; the position of these seg- 
ments is given by the conditions of equilibrium: 

2 


V dP = 0, (85.1) 
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where the integral is taken in this case along the van der Waals isotherm from 
the beginning to the end of the horizontal segment. Geometrically, this condi- 
tion signifies that the areas shown hatched in Fig. 20 for one isotherm are 
equal. 

The critical temperature, critical pressure and critical volume can be 
expressed in terms of the parameters a and b which appear in VAN DER WAALS’ 
equation. To do this, we write the equation as 


pa-NT__Na 
~ V-Nb V? 
and equate to zero the derivatives 
OP\ _ AT 4 2Nta 0 
(sr). ~  (V—Nby” V3”? 
OP\ 2NT  _6N?a _ 
(; A) 7 (V-NbB VA 


These three equations give 


8 a la 
T= a7 5° V, = 3Nb, P,= 7 (85.2) 
We now use instead of 7, P, V the quantities 
T’' = T|T,, P’ = P/P., V'=V([V,. (85.3) 


These are called the reduced temperature, pressure and volume, and are all 
equal to unity at the critical point. 

If we express T, P, Vin VAN DER WAALS’ equation in terms of 7’, P’, V’, we 
obtain 

(?'+ 7) GV'—1) = 87". (85.4) 

This is the reduced van der Waals’ equation. It contains only V’, P’ and T’, and 
not quantities pertaining to a given substance. Equation (85.4) is therefore 
the equation of state for all bodies to which VAN DER WAALS’ equation is 
applicable. The states of two bodies for which their values of T’, P’, V’ are 
equal are called corresponding states (clearly the critical states of all bodies are 
corresponding states). It follows from (85.4) that, if two bodies have equal 
values of two of the three quantities 7’, P’, V’, then the values of the third 
quantity are also equal, i.e. they are in corresponding states (the /aw of corre- 
sponding states). 

The “reduced” isotherms P’ = P’(V’) given by equation (85.4) are the same 
for all substances. The positions of the straight segments which give the 
liquid-gas transition points are therefore also the same. We can therefore 
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conclude that for equal reduced temperatures the following quantities must 
be the same for all substances: (1) the reduced saturated vapour pressure, (2) 
the reduced specific volume of the saturated vapour, (3) the reduced specific 
volume of the liquid in equilibrium with the saturated vapour. 

The law of corresponding states can also be applied to the heat of transi- 
tion from the liquid to the gaseous state. Here the “reduced heat of evapora- 
tion” must be represented by a dimensionless quantity, g/T,. We can there- 
fore writet 

In conclusion, we may note that the law of corresponding states does not 
apply only to VAN DER WAALS’ equation. The parameters of a specific sub- 
stance disappear when reduced quantities are used in any equation of state 
containing only two such parameters. The law of corresponding states, taken 
as a general theorem not pertaining to any specific form of the equation of 
state, is somewhat more accurate than VAN DER WAALS’ equation, but its 
applicability is in general very restricted. 


t At temperatures considerably below the critical temperature, the ratio g/T, is approxi- 
mately 10 (where g is the molecular heat of evaporation). 


CHAPTER IX 


SOLUTIONS 


§86. Systems containing different particles 


HITHERTO we have considered only bodies consisting of identical particles. 
Let us now go on to discuss systems which contain different particles. These 
include all kinds of mixtures of more than one substance; if the mixture con- 
tains much more of one substance than of the others, it is called a solution 
of the other substances in the predominant substance (the solvent). 

The number of independent components of the system customarily sig- 
nifies the number of substances whose quantities in a state of complete equi- 
librium can be specified arbitrarily. All the thermodynamic quantities for a 
system in complete equilibrium are entirely determined, for example, by the 
temperature, the pressure and the numbers of particles of the independent 
components. The number of independent components may not be the same 
as the total number of different substances in the system if a chemical reac- 
tion can occur between the latter; if such a system is in partial equilibrium 
only, the determination of its thermodynamic quantities requires, in general, 
a knowledge of the amounts of all the substances present in it. 

It is easy to generalise the results of §24 to bodies consisting of different 
substances. Firstly, all the thermodynamic quantities must be homogeneous 
functions of the first order in all the additive variables—the numbers of the 
different particles and the volume. 

Next, in formulae (24.5), (24.7)-(24.9) the term u dN must now be replaced 
by the sum )' uw, dN;, where N, is the number of particles of the ith kind and 
the quantities jy, are called the chemical potentials of the corresponding 
substances. Accordingly, in formulae (24.6) and (24.10) the chemical poten- 
tial and the number of particles must now have the suffix i. In order to find 
the chemical potential of any substance in the mixture we must differentiate 
E, F, ® or W with respect to the corresponding number of particles. In par- 


ticular 
Li = (O®/ON;)p, r. (86.1) 


The chemical potentials are then expressed as functions of the pressure, the 
temperature and the concentrations, i.e. the ratios of the numbers of particles 
of the different substances. These numbers of particles can appear in wu, only 
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as ratios, since ® is a homogeneous function of the first order in the N,, and 
the chemical potentials must therefore be homogeneous functions of zero 
order in these variables. 

From the fact that ® is a homogeneous function of the first order in the 
N,, we have, using EULER’s theorem, 


@ = » NiO /ON; = 2: LiNis (86.2) 


which is a generalisation of the formula ® = Nu. 
For the potential 2 we now have 


Q = F-Y uN; 


and hence again 2 = — PV. The last formula ceases to be valid only for bodies 
in an external field, when the pressure in different parts of the bodies is differ- 
ent. 

The results of §25 can also be generalised immediately: the conditions of 
equilibrium for a system in an external field require the temperature and also 
the chemical potential of each component to be constant throughout the 
system: 

#44 = constant. (86.3) 


Finally, the Gibbs distribution for systems consisting of different particles 
becomes 


Rican 253 [Pte nN Patel, (86.4) 


an obvious generalisation of formula (35.2). 


§87. The phase rule 


Let us now consider a system consisting of different substances and com- 
prising r phases in contact (each phase containing, in general, all the sub- 
stances). 

Let the number of independent components in the system be n. Then each 
phase is described by its pressure, temperature and n chemical potentials. 
We have seen in §81 that the condition for equilibrium of phases consisting 
of identical particles is that temperature, pressure and chemical potential 
should be equal. It is evident that, in the general case of more than one com- 
ponent, the phase equilibrium condition will be that the temperature, press- 
ure and each chemical potential are equal. Let T and P be the common 
temperature and pressure of the phases. In order to distinguish the chemical 
potentials belonging to different phases and components we shall write them 
with a roman index for the phase and an arabic suffix for the component. 
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Then the phase equilibrium conditions may be written 


Wa w= = 
Pin AT =f Gor 
Hy = Ug = «++ = bas (87.1) 
ph= p=... = wh 


Each of these potentials is a function of #+1 independent variables: P, T, . 
and n—1 concentrations of different components in the phase concerned 
(each phase contains n independent numbers of particles of different kinds, 
giving m— 1 independent ratios). 

The conditions (87.1) form a set of n(r— 1) equations. The number of un- 
knowns is 2+r(n—1). If these equations have solutions, the number of equa- 
tions must certainly not be greater than the number ‘of unknowns, i.e. 
n(ir —1) < 2+r(n—1), or 

r=<=n+2. (87.2) 


In other words, in a system consisting of n independent components, not 
more than n+2 phases can be in equilibrium simultaneously. This is called 
Gibbs’ phase rule. We have seen a particular case of it in §81: when there is 
one component, the number of phases that exist in contact at one time cannot 
exceed three. 

If the number r of coexisting phases is less than n+2, n+2- r of the varia- 
bles in equations (87.1) can obviously take arbitrary values. That is, we can 
arbitrarily vary any n+2-—r variables without destroying the equilibrium; 
the other variables must, of course, be varied in a definite manner. The num- 
ber of variables which can be arbitrarily varied without destroying the equi- 
librium is called the number of thermodynamic degrees of freedom of the sys- 
tem. If this is denoted by /, the phase rule may be written 


f=n+2-r, (87.3) 


where f can not, of course, be less than zero. If the number of phases has its 
maximum possible value n+2, then f = 0, i.e. all the variables in equations 
(87.1) have definite values, and none of them can be varied without destroy- 
ing the equilibrium and causing one of the phases to disappear. 


§88. Weak solutions 


We shall now consider (in §§88-93) the thermodynamic properties of weak 
solutions, i.e. those in which the number of molecules of the dissolved sub- 
stances (the solutes) is much less than the number of solvent molecules. Let 
us first take the case of a solution with only one solute; the generalisation to 
a solution with more than one solute is immediate. 
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Let N be the number of solvent molecules in the solution, and n the number 
of solute molecules. The ratio c = n/N is the concentration of the solution, 
and from the above hypothesis c « 1. 

Let us derive an expression for the thermodynamic potential of the solu- 
tion. Let ®o(P, T, N) be the thermodynamic potential of the pure solvent 
(containing no solute). According to the formula ® = Nu (which is 
valid for pure substances) it can be written ) = Nuo(P, T), where po(P, T) 
is the chemical potential of the pure solvent. Let « = «(P, 7, N) denote the 
small change which would occur in the thermodynamic potential if one mole- 
cule of solute were added to the solvent. Since the solution is assumed weak, 
the solute molecules in it are comparatively far apart, and their interaction is 
therefore weak. Neglecting this interaction, we can then say that the change 
in the thermodynamic potential when n molecules are added to the solvent is 
na. But the expression ®o+nx thus obtained fails to take account of the fact 
that all the molecules of the solute are identical. This is the expression which 
would be obtained from formula (31.5) if all the solute particles were regarded 
as different in calculating the partition function. As we know (cf. (31.7)), the 
partition function thus calculated must in fact be divided by n!.* 

This leads to an additional term T log n! in the free energy, and therefore 
in the potential ®. Thus 


® = NudoP, T)+na(P, T, N)+T log n!. 


Next, since 7 is itself a very large number, though small in comparison with 
N, we can write log n! = n log (n/e) in the last term. Then 


® = Nuotn[a+T log (n/e)} 
= NuotntT log [(n/e)e*!T]. 


We now take into consideration the fact that ® must be a homogeneous 
function of the first order in m and N. For this to be so it is clearly necessary 
that the argument of the logarithm should be of order zero in n and N, and 
hence e*/? must be inversely proportional to N, i.e. must be of the form 
J(P, T)/N. Thus 

® = NuotnT log [(n/eN)f(P, T)]. 


Defining a new function y(P, T) = T log f(P, T), we finally have for the ther- 
modynamic potential of the solution the expression 

D = Nud(P, T)+nT log (n/eN)+ny(P, T). (88.1) 

The assumption, made at the beginning of this section, about the addition 

of a term of the form na to the potential of the pure solvent amounts 


+ Here we neglect quantum effects, which is always permissible for a weak solution, as 
it is for a sufficiently rarefied gas. 
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essentially to an expansion in powers of n, retaining only the leading terms. The 
term in ® which is of the next order in n is n?f,(P, T, N); but, since ® must be 
a homogeneous function of N and n, fi(P, T, N) must be inversely proportional 
to N, i.e. fi(P, T, N) = B(P, T)/2N, where f is a function of P and T only. 
Thus the thermodynamic potential of a weak solution as far as the second- 
order terms is 


® = Nuo(P, T)+nT log (n[eN)-+ny(P, T)+(n?/2N)B(P, T). (88.2) 


For a weak solution of more than one substance, the thermodynamic 
potential will obviously be, instead of (88.1), 


D = Nuot Y nT log (nen) +¥ nip, (88.3) 


where the n, are the numbers of molecules of the various solutes, and the 
w,(P, T) are various functions. The expression (88.2) is similarly generalised to 


D = Nuot ¥)n,T log (n;/eN) +>, mivit Y (nita/2N)Bin- (88.4) 
t t 1, 


From (88.1) we can easily find the chemical potentials for the solvent (4) 
and the solute (u’): the former is 


= O®/ON = wo—Tn/N = wo—Te, (88.5) 
and the latter is 


wu! = 8D/an = T log (n/N) +y = Tlog c+y. (88.6) 


§89. Osmotic pressure 


In this and the following sections we shall discuss some properties of solu- 
tions, again assuming them weak and therefore using the results of §88. 

Let us suppose that two solutions of the same substance in the same solvent 
but with different concentrations c, and cz are separated by a partition through 
which solvent molecules can pass but solute molecules cannot (a semi-per- 
meable membrane). The pressures on the two sides of the membrane will then 
be different; the argument in §12 to prove the equality of pressures is invalid 
here, because of the presence of the semi-permeable membrane. The difference 
between the pressures is called the osmotic pressure. 

The condition of equilibrium between the two solutions is (apart from the 
equality of their temperatures) that the chemical potentials of the solvent in 
them should be equal. The chemical potentials of the solute need not be the 
same, since the semi-permeability of the membrane means that there is equi- 
librium only with respect to the solvent. 

J 
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Denoting the pressures in the two solutions by P; and Pe, and using the 
expression (88.5), we obtain the equilibrium condition in the form 


uo(P1, T)—c1T = po(Po, T)— cal. (89.1) 


The pressure difference P,—P = AP (i.e. the osmotic pressure) is relatively 
small for weak solutions, and so we can expand so(Pe, T) in powers of 
AP, retaining only the first two terms: 


Lol P2, T) = wo(P;, T) + A4P-Opo/OP. 
Substitution in (89.1) gives 
AP -Opo/OP = (c2—c1)T. 
But O0/OP is just the molecular volume v of the pure solvent. Thus 


AP = (ce—¢1)T/v. (89.2) 


In particular, if there is pure solvent on one side of the membrane (c; = 0, 
C2 = c), the osmotic pressure is 


AP = cT/v = nT/V, (89.3) 


where 7 is the number of solute molecules in a volume V of solvent; since the 
solution is weak, V is almost exactly equal to the total volume of the solution. 
Formula (89.3) is called van ’t Hoff’s formula. It should be pointed out that 
this formula is applicable to weak solutions independently of the particular 
solvent and solute concerned, and that it resembles the equation of state of an 
ideal gas. The gas pressure is replaced by the osmotic pressure, the gas volume 
by the solution volume, and the number of particles in the gas by the number 
of molecules of solute. 

The generalisation of formulae (89.2) and (89.3) to the case of solutions of 
more than one substance is obvious: in this case the osmotic pressure is the 
sum of the osmotic pressures of the various solutes, i.e. the pressures which 
would exist if each solute were dissolved alone. 


§90. Solvent phases in contact 


In this section we shall consider the equilibrium of two solvent phases in 
contact, with a certain amount of the same substance dissolved in each. The 
equilibrium conditions are (apart from the equality of pressures and tempera- 
tures) the equality of the chemical potentials of the solvent and those of the 
solute in the two phases. Here we shall use the first condition, writing it in the 


form 
uP, T) — cyT = ull(P, T)—cyT, (90.1) 
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where cy, cy; are the concentrations and ut, uj! the chemical potentials of the 
two phases of the pure solvent. 

It must be noted that the system considered here, consisting of two compo- 
nents and two phases, has two thermodynamic degrees of freedom. Of the 
four quantities P, T, c,, cj;, therefore, only two may be chosen arbitrarily; if 
we choose P or T and one of the concentrations, for example, then the other 
concentration has a definite value. 

If the two solvent phases contained no solute, the condition for their equi- 
librium would be 


ul(Po, To) = ul"(Po, To), (90.2) 


the temperature and pressure of both phases being denoted by To and Po. 

Thus, whereas in the equilibrium of pure solvent phases the relation be- 
tween pressure and temperature is given by equation (90.2), when any sub- 
stance is dissolved in these phases the relation is given by equation (90.1). For 
weak solutions the two equations are not greatly different. 

Let us now expand )(P, T) and w(P, T) in equation (90.1) in powers of 
P—Po = AP and T—Tp = AT, where Po and Tp are the pressure and tempera- 
ture at some point on the equilibrium curve of the pure solvent phases close 
to a given point P, T on the equilibrium curve of the solution phases. Retaining 


in the expansion only the first-order terms in AP and AT, and using (90.2), we 
have from (90.1) 


Omg 
or 


II II 
Clo apy SHO pp _ cur 


AT +56 yp_¢ T= 
OP DS aE OP 


But —0o/0T and Ouo/OP are just the entropy s and the volume » of the pure 
solvent (per molecule). Adding the suffix denoting the phase, we have 


— (sy —sy1) AT+ (vy — 21) AP = (cy —cz,)T. (90.3) 


According to formula (81.5), we have (s1;—5,)T = q, where q is the latent 
heat of transition of the solvent from phase I to phase II. Thus (90.3) may be 
written 


(q/T)AT+ (vy —04;) JP = (c,—cq,)T. (90.4) 


Let us examine two particular cases of this formula. We first choose the 
point Po, To such that Po = P. Then AT will be the horizontal distance be- 
tween the two curves, i.e. the change in the temperature of transition between 
the two phases when the solute is added, or the difference between the transi- 
tion temperature T (at pressure P) when both phases are solutions and the 
transition temperature 7» (at the same pressure) for the pure solvent. Since 
AP = Ohere, (90.4) gives 


AT = T(cy—¢7;)/q. (90.5) 
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If one of the phases (I, say) is the pure solvent (c;; = 0, c; = c), then 
AT = T°c/q. (90.6) 


This formula determines, in particular, the change in the freezing point when 
the solute is added, if the solute is insoluble in the solid phase; the two phases 
are then the liquid solution and the solid solvent, and AT is the difference 
between the temperature at which the solvent freezes out of the solution and 
that at which the pure solvent freezes. On freezing, heat is liberated, i.e. ¢ 
is negative. Hence AT < 0 also; i.e. if the pure solvent freezes out, the addi- 
tion of solute lowers the freezing point. 

The relation (90.6) also determines the change in the boiling point when 
the solute is added, if the solute is not volatile; the two phases are then the 
liquid solution and the solvent vapour, and AT is the difference between the 
temperature at which the solvent boils off from the solution and that at which 
the pure solvent boils. Since heat is absorbed in boiling, g > 0 and therefore 
AT > 0, i.e. the boiling point is raised by the addition of the solute. 

All these consequences of formula (90.6) are fully in accordance with 
Le CHATELIER’S principle. For example, let a liquid solution be in equi- 
librium with the solid solvent. If the concentration of the solution is increased, 
then by Lz CHATELIER’s principle the freezing point must be lowered so that 
part of the solid solvent is added to the solution and the concentration is 
thereby lowered. The system as it were counteracts its disturbance from the 
equilibrium state. Similarly, if the concentration of the liquid solution in equi- 
librium with the solvent vapour is increased, the boiling point must be raised 
so that part of the vapour condenses into the solution and the concentration 
is lowered. 

Let us now consider another particular case of formula (90.4), choosing the 
point Po, Ty so that T = To. Then AP is the vertical distance between the two 
curves, i.e. the difference between the pressure of the two solution phases in 
equilibrium and that of the two pure solvent phases in equilibrium (at the 
same temperature). Here JT = 0, and from (90.4) we have 


AP = T(cy—¢q1)/(ey—Y)- (90.7) 
The ratio 
AP/AT = q/T(vy— 11) 


is in accordance with the Clapeyron—Clausius formula (applied to the pure 
solvent), as it should be, since 4P and AT are relatively small. 

Let us apply formula (90.7) to an equilibrium between liquid and gaseous 
phases. Then the volume of one phase (the liquid) may be neglected in com- 
parison with that of the other, and (90.7) becomes 


AP = T(cy—¢y1)/2, (90.8) 


§91 Equilibrium with Respect to the Solute 281 


where v is the molecular volume of the gas phase (I). Noting that Pu = T, 
and substituting to the same accuracy P ~ Po (where Po is the saturated 
vapour pressure over the pure solvent), we can write this formula as 


AP = Po(cy—¢11)- (90.9) 


If the gas phase is the pure solvent vapour (c,; = 0, cy; = ¢), then (90.9) 


becomes 
AP/Po = —c, (90.10) 


where c is the concentration of the solution. This formula gives the difference 
between the saturated vapour pressure of the solvent over the solution (P) 
and over the pure solvent (Po). The relative decrease in the saturated vapour 
pressure when the solute is added is equal to the concentration of the solution 
(Raoult’s law).' 


§91. Equilibrium with respect to the solute 


Let us now consider a system consisting of two solutions in contact, the 
solutions being of the same substance in different solvents (for instance, in 
two immiscible liquids), and their concentrations being denoted by c, and cz. 

The equilibrium condition for this system is that the chemical potentials 
of the solute in the two solutions should be equal. Using (88.6), we can write 
this condition in the form 


T log cit+y1i(p, T) = T log c2+o(p, T). 


The functions y, and we are, of course, different for the different solvents. 
Hence we find 
C1/C2 = elve—¥1)/T, (91.1) 


The right-hand side of this equation is a function of P and T only. Thus the 
solute is distributed between the solvents in such a way that the ratio of con- 
centrations is always the same (for given pressure and temperature), independ- 
ently of the total quantities of the solute and solvents (the distribution law). 
The same law obviously applies to a solution of one substance in two adjacent 
phases of the same solvent. 

Now let us consider the equilibrium between a gas (assumed ideal) and a 
solution of it in a liquid or solid solvent. The equilibrium condition, i.e. the 
equality of the chemical potentials of the pure gas and the dissolved gas, can 
be written (using (42.6) and (88.6)) in the form 


T log c+y(P, T) = T log P+ (1), 


t It will be remembered that c denotes the molecular concentration (ratio of numbers of 
molecules, n/N). 
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whence 
c = Petit, (91.2) 


The function p(P, T) describes the properties of the liquid (or solid) solu- 
tion. At low pressures, the properties of a liquid depend only very slightly on 
the pressure. Hence the dependence of (P, T) on the pressure is unimportant, 
and we can suppose that the coefficient of P in (91.2) is a constant independ- 
ent of the pressure: 

c = PXconstant. (91.3) 


Thus, when a gas dissolves, the concentration of the (weak) solution is pro- 
portional to the gas pressure (Henry’s law).* 


PROBLEM 


Find the variation of concentration with height for a solution in a gravitational field. 


SOLUTION. We apply the equilibrium condition (86.3) in an external field, writing it fo- 
the solute: T log c+y(P, T)-+mgz = constant, since the potential energy of a solute moler 
cule in the gravitational field is mgz (z being the height, and m the mass of the molecule). 
We differentiate this equation with respect to z, noting that the temperature is constant by 
one of the conditions of equilibrium: 

T de 


- apt met 


ap dP _ 
oP dz 
Since the volume of the solution is 
Ob = Ou, Op 
ap apt" ap 


(substituting for © the expression (88.1)), the quantity @y/OP may be called the volume wv’ 


per molecule of solute. Hence 


c dz od dz , 


In order to find P as a function of z, we use the equilibrium condition for the solvent:+ 
wv dP/dz+ Mg = 0, 


where » = Ouo/OP is the molecular volume and M the mass of a solvent molecule. Substitut- 
ing dP/dz in the previous condition, we find 


T de v’ 
— —+me—Meg— = 0. 
c dz? & & v 
If the solution may be regarded as incompressible, i.e. v and v’ are constants, this gives 


7 Coe (9H Tim — 0! Hie), 


where cy is the concentration of the solution when z = 0, i.e. the usual barometric formula 
corrected in accordance with ARCHIMEDES’ principle. 


t It is assumed that the gas molecules dissolve unchanged. If they dissociate (as in the 
dissolution of hydrogen H, in certain metals), the dependence of the concentration on the 
pressure is different; see §104, Problem 2. 

+ In this condition the term involving the concentration (—T dc/dz) is small and may be 
omitted; in the condition for the solute, it contained c in the denominator and was therefore 
not small. 
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§92. Evolution of heat and change of volume on dissolution 


The process of dissolution is accompanied by the evolution or abso rption 
of heat. Let us now calculate the quantity of heat involved, and first deter- 
mine the maximum work which can be done as a result of the dissolution 
process. 

Let us suppose that the dissolution occurs at constant pressure and tem- 
perature. In this case the maximum work is determined by the change in the 
thermodynamic potential. Let us calculate it for a process in which a small 
number 6n of solute molecules are dissolved in a solution already of concen- 
tration c. The change 6@ in the total thermodynamic potential of the system 
is equal to the sum of the changes in the potentials of the solution and the 
pure solute. Since én molecules of solute are added to the solution, the change 
in its thermodynamic potential is 

o@ 


6.) = = én = yp’ on, 


where p’ is the chemical potential of the solute in the solution. The change in 
the potential ®,’ of the pure solute is 


_8O,! 


6®,’ = an 


-6n = — py On, 


since the number of molecules of it decreases by on, wu,’ being the chemical 
potential of the pure solute. The total change in the thermodynamic potential 
in this process is therefore 

6D = bn(u'— py’). (92.1) 


We have now only to substitute yw’ from (88.6): 


6D = —dn(uy' —y—T log c) 
or 


dD = —Ton log 8 


(92.2) 
where 
co(P, T) = elec —vy T (92.3) 


is the solubility, i.e. the concentration of a saturated solution (that is, one 
which is in equilibrium with the pure solute). This follows immediately from 
the fact that in equilibrium ® must have a minimum, i.e. we must have 
6® = 0. Formula (92.3) can also be derived directly from the condition for 
equilibrium between the solution and the pure solute, i. e. from the equality 
of the chemical potentials of the pure solute and that in the solution. 
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It should be noted that c, may be identified with the concentration of the 
saturated solution only if co is small, since all the formulae in the last few 
sections are applicable only to small concentrations. 

The expression obtained gives the required quantity of work: |6®| is the 
maximum work which can be done by the dissolution of dn molecules, and is 
also the minimum work which is needed to separate dn molecules of solute 
from a solution of concentration c. 

There is now no difficulty in calculating the heat 6Q, absorbed in dissolu- 
tion at constant pressure (if 60, < 0, this means that heat is evolved). The 
quantity of heat absorbed in a process which occurs at constant pressure is 
equal to the change in the heat function (§14). Since, on the other hand, 


0 ®D 
= —TJ2/— — 
1s (sr 7), 


we havet 


e T) ; (92.4) 
P 


6Qp = -T* (57 T 


Substituting the expression (92.2) in this formula, we find the required quan- 
tity of heat: 
6Qp = T?6n @ log co/OT. (92.5) 


Thus the quantity of heat involved in the dissolution process is related to the 
temperature dependence of the solubility. We see that 6Q> is simply propor- 
tional to 6n; this formula is therefore applicable also to the dissolution of any 
finite quantity of substance (so long as the solution remains weak, of course). 
The quantity of heat absorbed in the dissolution of n molecules is 


Op = T’n 0 log co/OT. (92.6) 


We may also determine the change in volume on dissolution, i.e. the differ- 
ence between the volume of the solution and the sum of the volumes of the 
pure solute and the solvent in which it is dissolved. Let us calculate this 
change 6V in the dissolution of én molecules. The volume is the derivative 
of the thermodynamic potential with respect to the pressure. The change in 
volume is therefore equal to the derivative, with respect to pressure, of the 
change in the thermodynamic potential for a given process, i.e. 


bV =~ 60. (92.7) 


t The corresponding formula for the quantity of heat in a process which occurs at con- 


stant volume is 
0 OF ) 
ss 


6Qy = -T? (= oe (92.4a) 
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Substituting 6® from (92.2), we find 


Ce) 
6V = -T On a5 log co. (92.8) 


In conclusion, it may be noted that formula (92.6) is in accordance with 
LE CHATELIER’s principle. Let us suppose, for example, that Q>p is negative, 
i.e. that heat is evolved on dissolution, and let us consider a saturated solu- 
tion. If this is cooled, then by Le CHATELIER’s principle the solubility must 
increase so that more dissolution occurs. Heat is then evolved, i.e. the system 
as it were counteracts the cooling which disturbs its equilibrium. The same 
follows from (92.6), since in this case Oco/OT is negative. Similar arguments 
show that formula (92.8) is also in accordance with LE CHATELIER’S prin- 
ciple. 


PROBLEMS 


PROBLEM 1. Find the maximum work that can be done in the formation of a saturated 
solution. 

SOLUTION. Before dissolution, the thermodynamic potential of the pure solvent was 
Ny, and that of the pure solute nu’. The potential of the whole system was ®,= Nug + ny’. 
After dissolution, the thermodynamic potential ®, = Nug+nT log (n/eN)+ny. The maxi- 
mum work is 

Rynax = ®, -®, 
—nT log (n/eN)+ n(Uo’ —¥) 
= nT log (eco/c); 


ll 


this may also be derived by integration of (92.2). If a saturated solution is formed, i.e. 
c = c, and n = Ne = Neg, then 
Rmax = nT => NeoT. 


PROBLEM 2. Find the minimum work which must be done to raise the concentration of 
a solution from c, to c, by removing some of the solvent. 


SoLUTION. Before the removal, the thermodynamic potential of the solution was 
D, = NugtNeyT log (c,/e)+Ne,yp (the number of solute molecules was Nc,, where N was 
the original number of solvent molecules). In order to raise the concentration of the solu- 
tion to c,, we must remove from it N(1 —c,/c,) solvent molecules. The sum of the thermo- 
dynamic potentials of the remaining solution and the solvent removed gives ®, = Nuot+ 
Ne,T log (c2/e)+Ne,p. The minimum work is 


Rain = ®, — ®, = Ne,T log (€2/¢}). 


§93. The mutual interaction of solutes 


Let us consider a weak solution of two different substances in the same 
solvent. If each substance were dissolved separately, their solubilities (the 
concentrations of their saturated solutions) would be coi and Coq"; let the 


t+ It is assumed, of course, that the saturated solution is still so weak that all the formulae 
used remain valid. 
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solubilities of the two substances when both are present be Cai. = Co, + 8Cp, 
and Cop’ = Cop + dco. We shall determine the relation between 6co, and Coz. 

To solve this problem we must obviously take account of those terms in the 
thermodynamic potential which contain the concentrations of both solutes. 
The second-order terms include one of this type. The thermodynamic poten- 
tial of the solution of the two substances is, from (88.4), 


®@ = NpotnyT log (11/eN)+neT log (n2/eN)+nywyitnepet 
+41,?B11/N+4ng?B20/N +n nob 10/N 


as far as second-order terms. The chemical potentials of the two solutes are 


My! = 0O/Om = T log c1+yitcr1Pi1t cof ie, 


(93.1) 
Uy’ = 0®/On2 = T log Cot+wetciP12+ CoPoo, 


where c, = m1/N, co = ne/N. Let fo,’ and fi.’ be the chemical potentials of 
the pure solutes. The solubilities co, and cog are determined from the condi- 
tion of equilibrium for each of the pure solutes with that solute in solution, i.e. 


Mo; = T log CatypiterBi, 


(93.2) 
Log’ = T log coot pet cofoz. 


The solubilities c,,’ and c,,’ are determined from the equilibrium conditions: 


Hoy = T log eo,’ +pite1B11+ cof i129, 


(93.3) 
Log’ = T log Cop’ +Pet coBo2+ cif 12. 


Subtracting (93.2) term by term from (93.3) and assuming that the changes 
in solubility are small (6c: < co1, 6co2 « Coz), we have approximately 


Técoi/co1 = —Co2h12, Téco2/Coz = — Coif 12; 
since log c,’ — log co + dco/co. Hence 


6Co1 _ 6Co2, (93.4) 


i.e, the changes in solubility of the two substances are equal. 
Similarly we can determine the change in the saturated vapour pressures of 
two substances in the same solution. Let P; and Ps be the saturated vapour 
pressures of the two substances above solutions of concentrations c; and C33 
let P,’ = P1+ 6Pi, P,’ = P2+6P2 be the vapour pressures of the same sub- 
stances above the solution of both together (with the same concentrations). 
The chemical potentials of the two substances in the vapour are T log Pi+ 
x1 (T) and T log P2+42(T). The pressures P; and Ps are therefore given by 

the relations 
T log Pit+ 47) = T log c1+yiterBis, 


(93.5) 
T log Pot ¥o(T) = T log cot+pe+coPee, 
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and P,’ and P,’ by 


T log Py’ +41 = T log c1t+yiterBiit cofie, 


(93.6) 
T log Py’ +7%2 = T log Cotpet cobo2+ciP 12. 


Subtracting (93.5) from (93.6) and assuming the changes 6P, and 6P2 small, 
we find 
TOP;/P1 = CoB 12, T6P2/P2 = ¢1B12, 
whence 
6P1/6P2 = PyCo/Pecy. (93.7) 


Thus the relative changes in pressure of saturated solutions, 6P1/P; and 
5P2/P2, are inversely proportional to the corresponding concentrations c1 
and C2. 


§94. Solutions of strong electrolytes 


The method of expanding the thermodynamic quantities in powers of the 
concentration used in the preceding sections is completely inapplicable in the 
important case of solutions of strong electrolytes, that is, substances which 
dissociate almost completely into ions when dissolved. The slow decrease of 
the Coulomb interaction forces between ions with increasing distance leads to 
terms proportional to a power of the concentration lower than the second 
(namely, the 3/2 power). 

It is easy to see that the problem of determining the thermodynamic quan- 
tities of a weak solution of a strong electrolyte reduces to the problem of a 
completely ionised gas discussed in §75. This result may be derived by start- 
ing from the fundamental statistical formula (31.5) for the free energy. The 
integration in the partition function will be carried out in two stages, first 
integrating over the co-ordinates and momenta of the solvent molecules. 
Then the partition function becomes 


i} e~F(p, MIT dT, 


where the integration is now taken only over the phase space of the electro- 
lyte particles, and F(p,q) is the free energy of the solvent with the ions 
“fixed” in it, the ion co-ordinates and momenta being regarded as parame- 
ters. We know from electrodynamics that the free energy of asystem of charges 
in a medium (of given volume and temperature) can be deduced from the 
energy of the charges in empty space by dividing the products of each pair 
of charges by the dielectric constant ¢ of the medium.’ The second step in 


t This assumes that the distances between ions are large compared with molecular 
dimensions, but we know from §75 that in the approximation considered the main contri- 
bution to the thermodynamic quantities comes in fact from these distances. 
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calculating the free energy of the solution is therefore identical with the calcu- 
lations given in §75. 

Thus the required contribution of the strong electrolyte to the free energy 
of the solution is given, according to (75.12), by 


2e 


m \i2 2\3/2 
~3a8 (rr) (2728), 


where the summation is over all the kinds of ion in the solution; in accord- 
ance with the notation used in this chapter, m, denotes the total number of 
ions of the ath kind (in the whole volume of the solution). The same express- 
ion gives the contribution to the thermodynamic potential for given temper- 
ature and pressure. Putting V ~ Nv, where v(P, T) is the molecular volume 
of the solvent, we can write the thermodynamic potential of the solution in 


the form 
® = Nuot+ dnl log (n/eN) + LMaPa— 


a (5)" Exe)” oun 


~ 38/2 


From this we can find, by the usual rules, any of the thermodynamic prop- 
erties of the electrolyte solution. For example, to calculate the osmotic press- 
ure we write chemical potential of the solvent as 


T e v2 Vi naz 
b= wo HDs en (%) (A ae (94.2) 
As in §89, we find from this the osmotic pressure (at a boundary with the pure 
solvent) 
T e3 1/2 Y nq Za 3/2 
AP = VLMa 5-518 (=) (4% y (94.3) 


The heat function of the solution is 


3 @ O Pa 


2e3 — rs | 
2 (Smet) aR ) (94.4) 


From this we can find the “heat of solution’? Q which is liberated when the 
solution is diluted (at constant P and 7) with a very large amount of solvent 
(so that the concentration tends to zero). This quantity of heat is given by the 
change in the heat function during the process. The terms linear in the number 
of particles obviously give zero difference, and we find from (94.4) 


2e8nll2 Yi nz2\*",_, 8 1 
q= 2" y (4 Me ‘) re. — (94.5) 
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The only condition for the above formulae to be valid is that the concentra- 
tion should be sufficiently small. For the fact that the electrolyte is strong 
means that the energy of attraction between ions of different kinds is always 
less than 7. Hence it follows that the interaction energy is certainly small 
compared with T at distances large compared with molecular distances. But 
the condition n « N for the solution to be weak means precisely that the mean 
distance between ions is large in comparison with molecular dimensions. Thus 
this condition necessarily implies that the condition of weak interaction 


n[V « (eT/z?e)8 


(cf. (75.2)) is satisfied, and this is the basis of the approximations used in §75. 


PROBLEM 


Find the change in the solubility (assumed small) of a strong electrolyte when a certain 
quantity of another electrolyte is added to the solution (all the ions of the second electrolyte 
being different from those of the first). 


SOLUTION. The solubility (i.e. the concentration of a saturated solution) of the strong 
electrolyte is given by the equation 


B(P, T) = »y Vel, = TY vy, log (ma/N) + ¥ Yao 


= aoa ()" (d vate) (2 mz (1) 


Here ps is the chemical potential of the pure solid electrolyte, and v, the number of ions 
of the ath kind per molecule of the electrolyte. When other ions are added to the solution, 
the chemical potentials of the original ions are changed because of the change in the sum 
Yimz0?, which must include all ions present in the solution. Having defined the solubility 
Co by n,/N = Co, we find the change in it by varying the expression (1) for given P and T: 


; med) N25") 
ae edi2yl2T SAN?) v, : 


The sum following 6 includes only the added kinds of ion. It should be noted that the solu- 
bility is raised under the conditions assumed. 


§95. Mixtures of ideal gases 


The additivity of the thermodynamic quantities (such as energy and en- 
tropy) holds good only so long as the interaction between the various parts of 
a body is negligible. For a mixture of several substances, e.g. a mixture of 
several liquids, the thermodynamic quantities are therefore not equal to the 
sums of the thermodynamic quantities for the individual components of the 
mixture. 

An exception is formed by mixtures of ideal gases, since the interaction 
between their molecules is by definition negligible. For example, the entropy 
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of such a mixture is equal to the sum of the entropies which each of the gases 
forming the mixture would have if the other gases were absent and the volume 
of the one gas were equal to that of the mixture, its pressure therefore being 
equal to its partial pressure in the mixture. The partial pressure P, of the ith 
gas is expressed in terms of the pressure P of the whole mixture by 


where N is the total number of molecules in the mixture, and N, the number of 
molecules of the ith gas. Hence, by (42.7), the entropy of a mixture of two 


gases is 
S = Ny log (eV/N1)+Ne2 log (eV/N2)—Nifr'(T)—Nof2'(T), (95.2) 


or, from (42.8), 
sS= —N, log P,—N, log P.—Nyy1'(T)—Noye'(T) 
= —(Ni+Ne) log P—N, log (Ni/N)—Ne log (N2/N) = 
—Niga (T)—Noye'(T). (95.3) 
The free energy of the mixture is, by (42.4), 


F = —N,T log (eV/Ni)—NoT log (eV/N2)+ 
+Nifi(T)+Nof(T), (95.4) 


and similarly (42.6) gives for the potential ® 


@ = N,T log P,+NoT log Pot+Niyi(T)+Ne2x2(T) 
= NUT log P+41)+N2(T log P+ 4%2)+ 
+NyT log (Ni/N)+NoT log (N2/N). (95.5) 


This expression shows that the chemical potentials of the two gases in the 
mixture are 
Ha = Tlog Pi+4%1 = T log P+41+T log (N,/N), 


95.6 
peo = T log Po+%2 = T log P+472+T log (N2/N), ( ) 


i.e. € -a has the same form as the chemical potential of a pure gas with press- 
ure P; or Po. 
It may be noted that the free energy (95.4) of a mixture of gases has the 


form 
F = F,\(M1, V, T)+F2(Ne, V, T), 


where F; and F¢ are the free energies of the two gases as functions of the num- 
ber of particles, volume and temperature. No similar formula is valid for the 
thermodynamic potential, however: the potential ® of the mixture has the 
form 

D = O,(M,, P, T)+P2(Ne, P, T)+NiT log (Ni/N)+NoT log (N2/N). 
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Let us suppose that we have two different gases with numbers of particles 
N, and Ng in vessels of volumes V; and V2 at the same temperature and press- 
ure, the two vessels then being connected and the gases mixed. The volume 
of the mixture becomes Vi+ V2, and the pressure and temperature obviously 
remain the same. The entropy, however, changes: before mixing, the entropy 
of the two gases is equal to the sum of their entropies, 


So => Ni log (eVi/Ni)+Ne log (eV2/N2)— 
—Nyfy'(T)—Nofe'(T), 
while after mixing the entropy is, by (95.2), 


S = N; log [e(Vi+ V2)/Ni]+Ne log [e(V1+ V2)/Na]— 
—Nifi' —Nofs’. 
The change in entropy is 
AS = S—So 
= N, log [((Vit V2)/Vi]+Ne log [((Vi+ V2)/Val, 


or, since the volume is proportional to the number of particles for given press- 
ure and temperature, 


AS = N; log (N/Ni)+Ne2 log (N/N2). (95.7) 


This quantity is positive, i.e. the entropy increases on mixing, as it should, 
because the process is clearly irreversible. The quantity AS is called the entropy 
of mixing. 
If the two gases were identical, the entropy after connecting the vessels 
would be ; 
S = (Ni + Ne) log (Vit V2)/(Ni+N2)]—(NitNo)f, 


and, since (Vit V2)/(NitNe2) = Vi/Ni = Vo/Ne (the pressures and tempera- 
tures being equal), the change in entropy would be zero. 

Thus the change in entropy on mixing is due to the difference in the mole- 
cules of the gases that are mixed. This is in accordance with the fact that some 
work must be done in order to separate again the molecules of the two gases 


§96. Mixtures of isotopes 


A mixture of different isotopes (in any aggregate state) is a kind of “solu- 
tion’’. For simplicity and definiteness we shall speak of a mixture of two iso- 
topes of any element, but the same results apply to a mixture of any number 
of isotopes and also to chemical compounds in which different molecules 
contain different isotopes. 

In classical mechanics, the difference between isotopes is simply a difference 
in mass, the laws of interaction between atoms of different isotopes being 
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identical. This enables us to express the thermodynamic quantities for the 
mixture very simply in terms of those for the pure isotopes. In calculating the 
partition function for the mixture, the essential difference is that the phase 
volume element should be divided not by N! as for a pure substance but by 
the product Ni! Ne! of the factorials of the numbers of atoms of the two 
components of the system. This gives in the free energy the further terms 


NT log (Ni/N) +NoT log (N2/N) 


(where N = Ni+Noe), which correspond to the “ entropy of mixing”’ discussed 
in §95 for the case of a mixture of gases. 

Similar terms appear in the thermodynamic potential of the mixture, which 
may be written 


D = N,T log (Ni/N)+NoT log (N2/N)+ 
+Nif01t+NeMoo. (96.1) 


Here “oi and poz are the chemical potentials of the pure isotopes, which 
differ only by a constant times the temperature: 


Ho1— Hog = —$T log (mi/ms), (96.2) 


where m and me are the atomic masses of the two isotopes. This difference 
arises from the integration over the atomic momenta in the partition function; 
for gases, (96.2) is simply the difference between the chemical constants multi- 
plied by T. 

The difference (96.2) is the same for all phases of a given substance. The 
equation of phase equilibrium (the condition that the chemical potentials of 
the phases are equal) is therefore the same for every isotope. In particular, we 
can say that in the classical approximation the saturated vapour pressures of 
the various isotopes are equal. 

The situation is no longer so simple when the substance cannot be described 
by means of classical statistics. In quantum theory, the difference between 
isotopes becomes considerably more profound, because of the differences in 
the vibrational and rotational levels, nuclear spins, etc. 

It is important to note, however, that, even when the first correction terms 
(of order 7; see §33) in the thermodynamic quantities are taken into account, 
the thermodynamic potential of the mixture may be written in the form (96.1), 
since the terms in question form a sum, with each term containing the mass 
of only one atom (see formula (33.15) for the free energy). These terms may 
therefore be grouped so as to include them in the chemical potentials o1 and 
Hoz, and hence formula (96.1) (but not, of course, (96.2)) remains valid. 

It should be pointed out that the thermodynamic potential (96.1) is form- 
ally identical with that of a mixture of any two gases (§95). Mixtures having 
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this property are called ideal mixtures. Thus mixtures of isotopes are ideal 
mixtures up to and including terms of order #?. In this sense, mixtures of iso- 
topes form an exceptional case, since condensed (solid or liquid) mixtures of 
different substances which are not isotopes can be ideal mixtures only to 
a very rough approximation. 

Within the limits of validity of formula (96.1) we can draw certain conclu- 
sions about the vapour pressure of the isotopes over the condensed mixture. 
The chemical potentials of the two components of the mixture are 


fa = T log ci+ bo1, 
Hz = T log cot Ugg 


(where c; = Ni/N, co = Ne/N are the concentrations of the isotopes). Equat- 
ing these to the chemical potentials in the gas phase (which have the forms 
T log Pi+41(T) and T log Pe+ x2(T)), we find for the partial vapour pressures 


Pi, =Poic1, Po = Porte, (96.3) 


where Poi and Po2 denote the vapour pressures of the two pure isotopes (at a 
given temperature). Thus the partial vapour pressures of the two isotopes are 
proportional to their concentrations in the condensed mixture. 

In the classical approximation we have for the saturated vapour pressures of 
the pure isotopes Po: = Poe, as already mentioned. When quantum effects are 
taken into account, however, the two vapour pressures are no longer equal. 
The difference cannot be calculated in a general form applicable to all sub- 
stances. Such a calculation can be made only for monatomic elements (the 
inert gases) as far as the terms of order A? (K. F. HERZFELD and E. TELLER 
1938). 

The correction to the thermodynamic potential of a liquid phase is given 
by formula (33.15)'; taking the value per atom, we find the chemical poten- 
tial 

= bey + (2/24mT) F?, 
where 


Fe (02), PE), Op 

= (a2) * (a5) * (a2) 

is the mean square of the force exerted on one atom by the other atoms in the 
liquid. The chemical potential of the gas remains equal to its classical value, 
since the interaction between atoms in the gas is negligible. Equating the chem- 


ical potentials of the liquid and the gas, we find the correction to the clas- 
sical value of the vapour pressure, and the required difference of vapour 


T We again make use of the fact that small corrections to the various thermodynamic 
potentials, when expressed in terms of the corresponding variables, are equal (§15). 
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pressures between the two isotopes is 


Poi—Po2z = Po (96.4) 


WF? (1 1 
24T? (rn = : 
where Po is the common classical value of Poi and Pos. We see that the sign 
of the difference is determined by that of the difference of the reciprocal mas- 


ses of the isotopes, the vapour pressure of the lighter isotope being the greater. 


§97. Vapour pressure over concentrated solutions 


Let us now consider the equilibrium of a solution with the vapour over it, 
which in general also contains both substances. The solution may be either 
weak or strong, i.e. the quantities of the two substances in it are arbitrary. 
It will be remembered that the results derived in §90 apply only to weak solu- 
tions. 

Since the solution and the vapour are in equilibrium, the chemical poten- 
tials 41 and pe in the solution and in the vapour are equal. If the numbers of 
particles of the two substances in the solution are N,, and N,,, we can write 
the expression (24.14) for the solution in the form 


dQ = —N,, du,—Nos dii2—S, dT—P AV,, (97.1) 


where S, and V, are the entropy and volume of the solution; the temperature 
T and pressure P are the same for the solution and the vapour. 

We shall assume that the vapour over the solution is so rarefied that it may 
be regarded as an ideal gas; its pressure is small. Then we can neglect in (97.1) 
the terms proportional to P, viz. P dV and dQ. Let us first consider all deriv- 
atives to be taken at constant temperature. Then (97.1) gives 

Nis dp + Nos dug = 0. (97.2) 
For the gas phase we have 
| ig = Tlog Pi t+ x7), 
Mog = Tlog Pot x2(7), 
where P; and Pz are the partial pressures of the two components of the vapour. 
Differentiating these expressions (with T constant), we find 


ding = TdlogP,, dugg = Td log Po. 
Substitution in (97.2) gives 
N,, d log P,+N,, d log P, = 0. (97.3) 
The concentration & of the solution can be defined as the ratio of the num- 
ber of particles of the first component to the total number of particles: 
& = Ny6/(Nist+ Nos); 
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and we can similarly define the concentration x of the vapour. The partial 
pressures P; and Pe are equal to the total pressure P of the vapour multiplied 
by the concentrations of the corresponding components, i.e. P, = xP, 
P, = (1—x)P. Substituting these values in (97.3) and dividing this equation 
by the total number of particles in the solution, N = N,,+N,,, we find 


Edlog Px+(1—&) d log PA—x) = 0, 
whence 
d log P = (x—&) dx/x(1— x), 
or 
E— = x—x(1—x)0 log P/dx. (97.4) 


This equation relates the solution and vapour concentrations to the depend- 
ence of the vapour pressure on the vapour concentration. 

One further general relation can be obtained by considering the dependence 
of quantities on temperature. The condition for equality of the chemical po- 
tentials of one component, say the first, in the vapour and in the solution is 
Hy, = O®,/ON,,. Dividing both sides by T and using the fact that the deriva- 
tive with respect to the number of particles is taken at constant temperature, 
we write 

igs ee 
T On, T’ 


and then take the total derivative of each side with respect to temperature. 
In doing so we may assume with sufficient accuracy that the thermodynamic 
~ potential of the condensed phase (the solution) is independent of pressure. 
Noting also that the partial derivative with respect to temperature is 


0 @ 1 o® W 
ar T ~ -7i(®-T Sr) ~ 7 


we obtain the relation 


0 log Pi i a ow, 
Slay ae = Wig OMe (97.5) 


Here w,, is the molecular heat function of the first substance as a gas; the 
derivative OW,/ON,, gives the change in the heat function of the solution when 
one molecule of that substance is added to it. The quantity on the right of 
(97.5) is therefore the heat absorbed when one particle of the first substance 
goes from the solution to the vapour. 

For the first substance in the pure state, the relation (97.5) becomes the 
ordinary Clapeyron—Clausius equation, 


0 log Pio 


Por 


= Wig Wip 
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where P,, is the vapour pressure of the first substance in the pure state, and 
Wy, its molecular heat function when liquid. Subtracting this equation term 
by term from (97.5), we have finally 


3 


Pat 


P 
log 5— = —q, (97.6) 


where qi = OW,/8N,,—W, denotes the molecular “heat of dilution”, i.e. the 
quantity of heat absorbed when one particle from the liquid first substance 
goes into the solution. A similar relation can, of course, be written down for 
the second substance also. 


§98. Thermodynamic inequalities for solutions 


It has been shown in §21 that a body can exist only in states for which 
certain conditions called thermodynamic inequalities are satisfied. These con- 
ditions were derived, however, for bodies consisting of identical particles. We 
shall now give a corresponding analysis for solutions, taking only the case of 
a mixture of two substances. 

In §21 the condition of equilibrium used was not the condition of maximum 
entropy of a closed system as a whole but the equivalent condition which 
requires that the minimum work needed to bring any small part of the system 
from the equilibrium state to any neighbouring state should be positive. 

We now use a similar procedure, considering some small part of the solu- 
tion, which contains N solvent and n solute particles, say. In the equilibrium 
state the temperature, pressure and concentration in this small part are equal 
to their values in the rest of the solution (which acts as an “external medium’’). 
Let us determine the minimum work needed to bring the temperature, press- 
ure and number of solute particles in the small part considered (containing a 
fixed number N of solvent particles) to values which differ by small but 
finite amounts 67, 6P and 6n from their equilibrium values. 

The minimum work will be done if the process occurs irreversibly. The 
work done by an external source is then equal to the change in the energy of 
the system, i.e. 

ORmin = OE + 6E 0; 


quantities without suffix refer to the small part considered, and those with 
suffix zero refer to the remainder of the system. We express 6£p in terms of 
the changes in the independent variables: 


ORmin = 6E +7 0dSo9—PodVot+ Lo ONo, 


where jo’ is the chemical potential of the solute in the medium; the number 
of solvent particles is unchanged in the process considered, and so the 
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corresponding term for the solvent may be omitted.' From the reversibility of 
the process it follows that 6So = —6S, and from the conservation of the 
total volume and quantity of solute in the whole solution we have 6V = 
—6Vo, dn = —6no. Substituting these, we obtain the final expression for 
the work: 

dRmin = OE—TodS + PodV — uo’ bn. (98.1) 


Thus the condition of equilibrium can be taken to be that for any small part 
of the solution the inequality 


SE—TdS+ Pod V —10'dn > 0 (98.2) 


holds. Henceforward, as in §21, we shall omit the suffix zero in expressions 
which are coefficients of the deviations of quantities from their equilibrium 
values; the values of these expressions in the equilibrium state will always be 
meant. 

We expand dE in powers of 6V, 6S and 6n (regarding E as a function of V, 
S and n). As far as the second-order terms this gives 


OE OE OE 
6E = a5 bS+—7, OV += On n+ 


BE sy OE pny OE a ng 
+4] 552069) +55 (OVP + a (On)+ 


OE OE 
+2, SSSV+2 =a 5SIn nt 2 sag OV On. 


But c£/0V = —P, 0E/O0S =T, 0E/On = yw’. Thus the first-order terms cancel 
on substitution in (98.2), leaving 


O2E OE OE 
26Rnin = as? (6S) +a (6 VP +a (on)? + 


OE OE OPE 


It is known from the theory of quadratic forms that, for a form in three 
variables (here 6S, dV, dn) to be everywhere positive, its coefficients must 


t The differential of the energy of the medium (at constant N) is 
dE, = Tod Sy —Pyd Votto diy. 


Since the quantities 7), Po, 4’ may be regarded as constant, integration of this relation 
leads to a similar relation between the finite variations of the quantities Ey, Sy, Vo, No- 
The quantity 4)’ should not be confused with the chemical potential of the pure solute. 
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satisfy three conditions, which for the form (98.3) are 

o2E/OV? OE/OVeSs o?E/oVon 

C-E/OSOV d2E/dS? 0?E/dS0n | > 0, 

O2E/OndV = OPE /OndS O7E/On? (98.4) 
o2E£/OV? o2E/OVOS 


0, e£/aS? >0. 
SE/OSOV BE/OS? | eye 


Substituting the values of the derivatives of F with respect to V, S and n, we 
can write these conditions as 


| OP/aV aP/as OP/on 
dT/aV 8T/OS aT/an | = 0, 
du’ /aV du! /OS Ou’ on 


OoP/oV oP/aS 
| / / < 0, oT/OS > 0. 


dT/OV 8T/OS 


Each derivative is taken with the other two of the three variables V, S 
and n constant. These determinants are Jacobians: 


The second and third conditions give the already known inequalities 
(OP/8V)7, <0 and C,>0. The first condition may be transformed as 
follows: 

O(P, T, uw’) _ OCP, T, u')/O(P, T, n) 
OV, S,n) OV, S, n)/O(P, T, n) 
= (Ou'/On)p,r =0 
(OV, S)\/OP,T))n 


Since the denominator is negative by the second condition (98.5), we must 
have 
(Ou'/On)p, r > 0. (98.6) 
Using instead of n the concentration c = n/N, we find (since N is constant) 
(Op'/Oc)p, r > 0. (98.7) 


Thus, as well as the inequalities (OP/OV); , < 0, C, > 9, the inequality 
(98.7) must also be satisfied in solutions. 

It may be noted that for weak solutions Op’/dc = T/c, so that the 
inequality (98.7) is always satisfied. 


The case where 
(Op'/Oc)p. 7 = 0 (98.8) 
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needs special consideration. Such a state is called a critical point of the solu- 
tion; other aspects of this concept are discussed in §99. 

The equality (98.8) corresponds to the vanishing of the first determinant 
in (98.4) (the third-order determinant). In this case the quadratic form (98.3) 
may vanish for certain values of 6S, 6V and 6n, and higher-order terms in. 
its expansion must be examined in order to ascertain the conditions for the 
inequality (98.2) to be satisfied (cf. §84). 

The quadratic form (98.3) may be written in the identical form 


26Rmin = 6S5(BE/8S) yn + 6VS(BE/BV)s, n+ 
+ 6n6(8E/8n)s y 
= 6S6T— dVdP+ dndu'. (98.9) 


When (0u'/0n)p 7 = 0, we have 
= (Ou'/0T)6T+ (Op' /OP)6P; 


thus, if 67 and 6P are zero, dy’ is also zero, and so is the whole expression 
(98.9).1 The case where the quadratic form vanishes can therefore be treated 
by simply considering deviations from equilibrium at constant JT and P. For 
such deviations, the inequality (98.2) may be written 6©—'6n > 0. Expand- 
ing 6® in powers of én for constant P and T, and using the fact that 0©/dn = 
pL’, we find 


— yet 


x (én)t+... > 0, 


Eby TE (bn)S+ 5 


where all the derivatives are taken with P and T constant. If du’/dn = 0, 
this inequality can be satisfied for all én only if the coefficient of (én)? also 
vanishes and that of (6n)4 is positive. 

Thus, at a critical point we must have, together with (98.8), 


(02u'/Oc*)p, r = 0, (98.10) 
(0%u'/dc*)p 7 > 0. (98.11) 


The equations (98.8) and (98.10) define a line (the critical line) in the co-ordi- 
nates P, T, c. 

It should be emphasised, however, that the foregoing discussion of critical 
points in solutions is subject to the same reservation as that made in §84 
regarding the theory of critical points for pure substances: it is based on the 
assumption that the thermodynamic quantities have no singularity (as func- 
tions of the variables c, V, T); since this assumption cannot be justified, we 
do not know to what extent the results derived are valid. 


t The second and third expressions in (98.4) cannot vanish, since this would violate other 
conditions (cf. §84). 
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§99. Equilibrium curves 


The state of a body consisting of identical particles is defined by the values 
of any two quantities, for instance P and T. To define the state of a system 
having two components (a binary mixture) it is necessary to specify three 
quantities, for instance P, T and the concentration. In this and subsequent 
sections, the concentration of the mixture will be defined as the ratio of the 
quantity of one of the substances to the total quantity of both, and will be 
denoted by x; clearly x takes values from 0 to 1. The state of a binary mixture 
may be represented by a point in a three-dimensional co-ordinate system, 
whose axes correspond to these three quantities (just as the state of a system 
of identical particles was represented by a point in the PT-plane). 

According to the phase rule, a two-component system can consist of not 
more than four phases in contact. The number of degrees of freedom of such 
a system is two when there are two phases, one for three phases, and none for 
four phases. The states in which two phases are in equilibrium are therefore 
represented by points forming a surface in the three-dimensional co-ordinate 
system; states with three phases (triple points) by points forming a line (called 
the line of triple points or the three-phase line) and states with four phases by 
isolated points. 

It has already been shown in §81 that, for systems with only one compo- 
nent, the states in which two phases are in equilibrium are represented by a 
curve in the PT-plane; each point on this curve determines the pressure and 
temperature (which are the same in both phases, from the conditions of 
equilibrium). Points not lying on the curve represent homogeneous states of 
the system. If the temperature and volume are taken as co-ordinates, the 
phase equilibrium is represented by a curve such that points within it repre- 
sent states where there is separation into two phases represented by the points 
of intersection of a straight line T = constant with the equilibrium curve. 

The situation is similar for mixtures. If we take as co-ordinates P, T and 
the chemical potential of one component (i.e. quantities which have equal 
values for phases in contact), equilibrium of two phases is represented by a 
surface, each point of which determines P, T and uw for the two phases in 
equilibrium. When three phases are present, the points representing their 
equilibrium (triple points) will lie on the curves of intersection of the equi- 
librium surfaces for each pair of them. 

The use of the variables P, T, uw is inconvenient, however, and in what 
follows we shall use P, T, x as independent variables. In terms of these 
variables the equilibrium of two phases is represented by a surface whose 
points of intersection with a straight line P = constant, JT = constant repre- 
sent the states of the two phases in contact for the relevant values of P and 
T (i.e. determine the concentrations of the phases, which may of course be 
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different). The points on this line between the two points of intersection 
represent states in which a homogeneous body is unstable and therefore 
separates into two phases (represented by the points of intersection). Since 
the surface represents the equilibrium between the two phases, it must clearly 
be such that the number of its intersections with any straight line parallel to 
the x-axis is even. 


PT PT 
x x 
Fic. 21 Fic. 22 


We shall generally use two-dimensional diagrams with P and x, or T and 
x, as co-ordinates; the lines of intersection of the equilibrium surface with the 
planes of constant temperature or pressure can then be drawn. We shall call 
these lines equilibrium curves. 

Let us consider the points on an equilibrium curve at which the concentra- 
tion becomes equal in the two phases. Two cases are possible: (1) at such a 
point all other properties of the two phases also become equal, i.e. the phases 
become identical, (2) at such a point two distinct phases continue to exist. 
In case (1) the point is said to be a critical point, in case (2) it will be called a 
point of equal concentration. 

Near a critical point the equilibrium curve has the form shown in Fig. 21, 
or a similar form with a minimum at the critical point K (the abscissa being x 
and the ordinate P or T; the curve is then the intersection of the equilibrium 
surface with a plane of constant temperature or constant pressure respect- 
ively). Points lying within this curve (in the hatched region) represent states 
in which there is separation into two phases; the concentrations in these 
phases are determined by the points of intersection of the curve with the 
appropriate horizontal line. At the point K the two phases coalesce; the fact 
that at this point they form a single phase is seen from the possibility of a 
continuous passage between the points coinciding at K along any path lying 
outside the hatched region, so that separation into two phases nowhere 
occurs. 

Fig. 21 shows that near the critical point there exist states in which two 
phases are in equilibrium which have concentrations x and x+ 6x differing by 
an arbitrarily small amount. For such phases the equilibrium condition is 
WP, T, x) = uP, T, x+6x), where p is the chemical potential of one of the 
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substances in the mixture. Hence we see (cf. §83) that at the critical point 
the condition 

(0u/0x)p, r = 0 (99.1) 
must hold. 

This condition is identical with (98.8), and hence the two definitions of 
the critical point (here and in §98) are equivalent. It may be noted that yu in 
(99.1) signifies the chemical potential of either of the two substances in the 
mixture; but the two conditions obtained by taking these two chemical 
potentials in (99.1) are actually equivalent. This is easily seen by noting that 
each of the chemical potentials is the derivative of ® with respect to the 
corresponding number of particles, and @ is a first-order homogeneous func- 
tion in both numbers of particles. 

The critical points clearly form a line on the equilibrium surface (as 
already mentioned in §98). 

Near a point of equal concentration the equilibrium curves must have the 
form shown in Fig. 22, or a similar form with a minimum at the point K. 
The two curves touch at the maximum (or minimum). The region between 
the two curves is that where separation into phases occurs. At the point K 
the concentrations of the two phases in equilibrium become equal, but the 
different phases continue to exist, since any path between the points which 
coincide at K must pass through the region of separation into two phases. 
Like critical points, points of equal concentration lie on a curve on the equi- 
librium surface. 

Let us now consider the properties of the equilibrium curves at low con- 
centrations (i.e. when one of the substances is present in the mixture in a 
considerably smaller quantity than the other; x is close to zero or to unity). 

It has been shown in §90 that at low concentrations (weak solutions) the 
difference between the phase equilibrium temperatures of solutions and of 
the pure substance (at a given pressure) is proportional to the difference of 
concentrations of the two phases. The same applies to the pressure difference 
at a given temperature. Moreover, it has been shown in §91 (also for low 
concentrations) that the ratio of concentrations in the two phases depends 
only on P and T, and so it may be regarded as constant in the neighbourhood 
of x = 0. 

From the above it follows directly that at low concentrations the equilib- 
rium curves have the form shown in Fig. 23, i.e. consist of two straight lines 
intersecting on the ordinate axis (or a similar form with the straight lines 
ascending). The region between the two lines is the region of separation into 
phases. The regions above and below the lines are the regions of the two 
different phases. 

At the beginning of this section it has already been mentioned that a 
system with two components may consist of three phases in contact. Near a 
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triple point the equilibrium curves appear as shown in Fig. 24. All three 
phases have equal pressure and temperature in equilibrium. The points A, B,C 
which determine their concentrations therefore lie on a straight line parallel 
to the axis of abscissae. The point A, which gives the concentration of the 
first phase at the triple point, is the point of intersection of the equilibrium 
curves 12 and 13 between the first and second, and first and third, phases. 
Similarly, the points B and C are the intersections of the equilibrium curves 
12 and 23 between the first and second, and second and third, phases (B), 
and of the equilibrium curves 23 and 13 between the second and third, and 
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first and third, phases (C). The points A, B, C are, of course, the points of 
intersection of the plane P = constant or T = constant with three lines on 
the equilibrium surface; we shall call the line corresponding to the point B 
a line of triple points or a three-phase line. The regions I, II, ITI represent 
states of the separate phases, first, second and third. The region between the 
two curves 13 below the line ABC is the region of separation into the first 
and third phases, and those between the two curves 12 and the two curves 23 
(above the line ABC) are respectively the regions of separation into the first 
and second, and second and third, phases. Region II must obviously lie 
entirely above ABC (or entirely below ABC). At the points A, B and C the 
curves 12, 13 and 23 intersect, in general, at certain angles, and do not join 
smoothly. The directions of the curves 12, 13, 23 need not necessarily be as 
shown in Fig. 24, of course. The only essential feature is that the curves 12 
and 23 and the curves 13 must lie on opposite sides of the straight line ABC. 

If any of these singular lines on the equilibrium surface is projected on the 
PT-plane, the projection divides this plane into two parts. For a critical line, 
the points projected on one part are those corresponding to the two different 
phases and those corresponding to separation into these phases. The other 
part of the PT-plane contains the projections of points which represent 
homogeneous states, at none of which does separation into two phases occur. 
In Fig. 25 the dotted line represents the projection of a critical line on the 
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PT-plane. The letters a and b denote the two phases. The symbol a-b 
signifies that this part of the plane contains the projections of the two phases 
and those of states where these two phases are present in equilibrium. The 
symbol ab denotes the single phase into which the phases a and b merge above 
the critical points. 
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The projection of a three-phase line similarly divides the PT-plane into two 
parts. Fig. 26 shows which points are projected on the two parts. The symbol 
a-b-c signifies that this region contains the projections of points which 
represent the phases a, b, c and states in which there is separation into phases 
aand b or b and c. 

Fig. 27 shows a similar projection for a line of points of equal concentra- 
tion, and Fig. 28 for a line of phase equilibrium for a pure substance (i.e. 
x = 0 or x = 1); the latter, of course, lies in the PT-plane. The letter b in 
Fig. 28 signifies that this part of the plane contains the projections of points 
corresponding to states of phase b only. In the sequence of letters in the 
symbols a-b, a-b-c the letter b will be understood to denote a phase whose 
concentration is higher than that of a, and c a phase whose concentration is 
higher than that of b.1 

It may be noted that the four types of singular point on the equilibrium 
curves (triple point, point of equal concentration, critical point, and pure- 
substance point) correspond to the four possible types of maximum (or 
minimum) on these curves. 


+ To avoid misunderstanding, we should emphasise that the notation a-b-c for a line of 
equal concentration (unlike a three-phase line) is to some extent arbitrary: the letters a 
and c here denote states which are not two essentially different phases, since they never 
exist simultaneously in contact. 
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If any phase has the same fixed composition everywhere (i.e. independently 
of the values of P and T), the equilibrium curves become somewhat simpler 
near the points here considered. Such phases are a chemical compound of the 
two components or pure-substance phases, which always have concentration 
x =O(orx = 1). 

Let us consider the form of the equilibrium curves when there are phases 
of constant composition, near points where the lines corresponding to these 
phases terminate. It is evident that such points must be maxima or minima 
of the equilibrium curves, and thus are among the types of point considered 
in this section. 
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If the phase of constant composition is a pure-substance phase with con- 
centration x = 0, the corresponding line coincides with the P-axis or the 
T-axis and can terminate at a point of the kind shown in Fig. 29. This diagram 
gives the form of the equilibrium curve near such a point; one of the lines in 
Fig. 23 coincides with the axis of ordinates. 

If one phase is a chemical compound of fixed composition, then near a 
point of equal concentration the equilibrium curve has the form shown in 
Fig. 30, i.e. the inner region in Fig. 22 becomes a vertical line. The hatched 
region on either side of this line is the region of separation into two phases, 
one a chemical compound whose composition is given by the vertical line. 
The curve has no break at the maximum, as in Fig. 22. 

Similarly, near a triple point the equilibrium curves have the form shown in 
Fig. 31. The phase which is a chemical compound is represented by a vertical 
line, to which region II (Fig. 24) here reduces. 
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§100. Examples of phase diagrams 


In this section we shall enumerate the principal types of equilibrium curve; 
in contrast to §99, their form will be considered in general, and not only near 
the singular points. These curves (also called phase diagrams) can have many 
forms, but in most cases they belong to one of the types given below, or are 
a combination of more than one of these. The hatched regions in all these 
diagrams are the regions of separation into phases, and the remaining regions 
are those of homogeneous states. The points of intersection of horizontal 
lines with the curves bounding the regions of separation into phases deter- 
mine the composition of the phases into which separation occurs (for given 
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P and T). The relative amounts of the two phases are determined by the 
“lever rule’ already mentioned in §81. 

In what follows we shall for definiteness discuss 7x-diagrams; similar types 
are possible in the co-ordinates P and x. The concentration x is taken as 
abscissa, and varies from 0 to 1. 

1. There are two phases; each can have any concentration (i.e. the two 
components mix in any proportion in both phases). In the simplest case, 
where the curves have no maxima or minima (apart from the pure-substance 
points), the phase diagram has the “cigar’’ form shown in Fig. 32. 

For example, let one of the phases be a liquid (the region below the cigar), 
and the other a vapour (the region above the cigar). Then the upper curve of 
the cigar is called the condensation point curve, and the lower curve the 
boiling point curve." 

If a liquid mixture of given composition is heated, then the liquid will begin 
to boil at a temperature determined by the intersection B of the vertical line 
AD (corresponding to the given concentration) with the lower curve of the 
cigar. Vapour boils off, whose composition is given by the point C, i.e. has 


+ The laws of boiling and condensation of liquid mixtures were established by D. P. 
KONOVALOV. 
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a lower concentration than the liquid. The concentration of the remaining 
liquid is obviously increased, and its boiling point accordingly rises. On 
further heating, the point which represents the state of the liquid phase will 
move upwards along the lower curve, and the point which represents the 
vapour leaving the liquid will move upwards along the upper curve. Boiling 
ceases at various temperatures, depending on the way in which the process 
takes place. If boiling occurs in a closed vessel, so that all the vapour gener- 
ated remains permanently in contact with the liquid, the liquid will obviously 
boil away completely at a temperature where the concentration of the vapour 
is equal to the original concentration of the liquid (the point D). In this case, 
therefore, boiling begins and ends at temperatures given by the intersection 
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of the vertical line AD with the lower and upper curves of the cigar. If the 
vapour boiling off is steadily removed (boiling in an open vessel), then only 
the vapour just evolved will be in equilibrium with the liquid at any given 
time. In this case, it is evident that boiling will cease at the boiling point G 
of the pure substance, where the liquid and vapour compositions are the 
same. The condensation of vapour into liquid occurs in a similar manner. 

The situation is exactly analogous when the two phases are a liquid (above 
the cigar) and a solid (below the cigar). 

2. The two components mix in any proportion in both phases (as in case 
1), but there is a point of equal concentration. The phase diagram then has 
the form shown in Fig. 33 (or a similar form with a minimum). At the point 
of equal concentration, the two curves touch, and both have a maximum or 
a minimum. 

The transition from one phase to another occurs in the same way as described 
for case 1, except that the process can terminate (if one phase is steadily 
removed, as for example by boiling a liquid in an open vessel) not only at the 
pure-substance point but also at the point of equal concentration. At the 
composition corresponding to this point, the entire process occurs at a single 
temperature.* 

3. There are two phases, liquid and gas, in which the two components mix 


+t A mixture corresponding to the point of equal concentration is also said to be azeo- 
tropic. 
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in any proportion, and there is a critical point. The phase diagram is as shown 
in Fig. 34 (K being the critical point). The region to the right of the curve 
corresponds to liquid states, and that to the left to gaseous states. It should 
be remembered, however, that when there is a critical point the liquid and 
gaseous phases can, strictly speaking, be distinguished only when they are in 
equilibrium with each other. 

A diagram of this type leads to the following curious effect. If a liquid 
whose composition is represented by the line AC (passing to the right of the 
point K) is heated in a closed vessel, then, after boiling begins (at the point 
B), the quantity of vapour will gradually increase as heating continues, but 
after a certain time it begins to decrease again, and the vapour disappears 
entirely at the point C. This is called retrograde condensation. 
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4. Two liquids which mix, but not in all proportions. The phase diagram 
is as shown in Fig. 35. At temperatures above that of the critical point K, the 
components mix in any proportion. Below this temperature the components 
do not mix in the proportions represented by points within the hatched region. 
In this region there is separation into two liquid mixtures whose concentra- 
tions are given by the points of intersection of the corresponding horizontal 
line with the equilibrium curve. Similar diagrams are possible with K a mi- 
nimum, or with two critical points, an upper and a lower, so that the region 
of separation into two phases (two solutions) is bounded by a closed curve. 

5. In the liquid (or gaseous) state the two components mix in any propor- 
tion, but in the solid (or liquid) state they do not mix in all proportions 
(limited miscibility). In this case there is a triple point. According as the 
temperature of the triple point lies below the pure-component phase equi- 
librium temperatures (the points A and C) or between them (it obviously can- 
not lie above them on the assumption made here that the components mix 
in any proportion in the higher phase), the phase diagram appears as in 
Fig. 36 or Fig. 37 respectively. For example, let the phase of unlimited misci- 
bility be a liquid, and that of limited miscibility be a solid. The region above 
the curve ABC (Fig. 36) or ADC (Fig. 37) is the region of liquid states; the 
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regions bounded by the curves ADF and CEG (Fig. 36) or ABF and CEG 
(Fig. 37) are the regions of homogeneous solid phases (solid solutions). At the 
triple point (whose temperature is given by the line DBE) the liquid and two 
solid solutions of different concentrations are in equilibrium. The point B in 
Fig. 36 is called the eutectic point. A liquid mixture whose concentration 
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corresponds to this point freezes completely, without change of concentra- 
tion, whereas at other concentrations a solid mixture freezes out with a 
concentration different from that of the liquid. The regions ADB and CBE 
(Fig. 36) and ADB and CDE (Fig. 37) correspond to separation into a liquid 
phase and one of the solid phases; the regions DEGF (Fig. 36) and BEGF 
(Fig. 37) correspond to separation into two solid phases. 

If, in a diagram such as Fig. 36, the components do not mix at all in the 
solid state, the phase diagram takes the form shown in Fig. 38. In the hatched 
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regions above the line ABC, the mixed liquid phase is in equilibrium with the 
solid phase of one of the pure substances, and below ABC we have the two 
pure solid phases. When the temperature of the liquid mixture decreases, one 
or the other of the pure substances freezes out according as the concentration 
of the liquid lies to the right or the left of the eutectic point. As the tempera- 
ture decreases further, the composition of the liquid varies along the curve 
DB or EB, and the liquid freezes completely at the eutectic point B. 

6. In the liquid state the two components mix in any proportion, but in the 
solid state they do not mix at all, forming only a chemical compound of 
definite composition. The phase diagram is shown in Fig. 39. The straight 
line DE gives the composition of the chemical compound. There are two 
K 
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triple points, B and G, at which there is equilibrium between the liquid phase, 
the solid chemical compound, and the solid phase of one of the pure com- 
ponents. Between the points B and G lies a point of equal concentration, D 
(cf. Fig. 30). It is easy to see where separation occurs, and which are the 
resulting phases: in the region DBE they are a liquid phase and the solid 
chemical compound; below the line CE, the chemical compound and one of 
the solid pure substances, and so on. The freezing of the liquid terminates at 
one of the eutectic points G and B, according as the concentration of the 
liquid lies to the right or to the left of the line DE. 
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7. In the liquid state the two components mix in any proportion, but in 
the solid state they do not mix at all, forming only a chemical compound; 
this compound, however, decomposes at a certain temperature, before it 
melts. The straight line defining the composition of this compound cannot 
terminate at a point of equal concentration as in case 6, since it does not 
reach the melting point. It can therefore terminate at a triple point of the type 
shown in Fig. 31, §99 (the point A in Fig. 40). In Fig. 40, which shows one 
possible form of the phase diagram for this case, it is easy to see which phases 
result from the separation at various points in the hatched region. 

8. In the solid state the components do not mix at all, and in the liquid 
state they mix only in certain proportions. In this case there are two triple 
points, at which the liquid is in equilibrium with the two solid pure substances 
(the point B in Fig. 41) or one of the pure substances is in equilibrium with 
two mixed liquid phases of different concentrations (the point D). The regions 
not hatched in Fig. 41, above ABC and above DE, represent liquid states with 
various concentrations; the hatched region above CD is that of separation 
into two liquid phases, DEF is that of separation into a liquid and one of the 
solid pure substances, and so on. 


§101. Intersection of singular curves on the equilibrium surface 


The four kinds of line discussed in §99 (critical lines, three-phase lines, 
lines of equal concentration and pure-substance lines) all lie on the same 
surface, the equilibrium surface. They will therefore in general intersect. 
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Some properties of the points of intersection of such lines are described 
below. 

It may be shown that no two critical lines can intersect, nor can two lines 
of equal concentration. We shall not pause to prove these statements here. 

Let us now list (again without proof) the properties of the remaining points 
of intersection. All these properties follow almost immediately from the gen- 
eral properties of equilibrium curves given in §99. The diagrams will show 
the projections of the intersecting lines on the P7-plane (see §99); their form 
is, of course, chosen arbitrarily. A dotted line everywhere denotes a critical 
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line; a continuous line, a line of phase equilibrium for a pure substance; a 
broken line, a line of equal concentration; and a dot-and-dash line, a three- 
phase line. The letters have the same significance as in Figs. 25 to 28 (§99). 

At a point of intersection between a critical line and a pure-substance line 
(Fig. 42a) both lines terminate, and similarly for a critical line and a three- 
phase line (Fig. 42b). When a pure-substance line intersects a line of equal 
concentration, only the latter terminates (Fig. 42c), the two curves touching 
at the point of intersection. The same occurs when a line of equal concentra- 
tion meets a critical line (Fig. 42d) or a three-phase line (Fig. 42e). In each 
case the line of equal concentration terminates at the point of intersection, 
the two curves touching at this point. 

The point of intersection of three-phase lines (Fig. 42f) is a quadruple 
point, i.e. a point where four phases are in equilibrium. Four three-phase 
lines meet at this point, corresponding to equilibrium between each three of 
the four phases. 

Finally, the point where a pure-substance line intersects a three-phase line 
(Fig. 42g) must clearly be also a point of intersection between the three-phase 
line with all three pure-substance phase equilibrium lines (corresponding to 
equilibrium between each two of the three pure-substance phases). 
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§102. Gases and liquids 


Let us now consider in more detail the equilibrium of liquid and gaseous 
phases consisting of two components. 

When the temperature is sufficiently high (J large in comparison with the 
mean interaction energy of the molecules) all substances mix in any propor- 
tion. On the other hand, since a substance is a gas at such temperatures, we 
can say that all substances have unlimited miscibility in the gas phase 
(although when there are critical lines the difference between the liquid and 
the gas becomes to some extent arbitrary, and so likewise does the foregoing 
formulation). 

In the liquid state, some substances mix in any proportion, others only in 
certain proportions (liquids of limited miscibility). 
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In the former case, when the two components mix in any proportion in 
both phases, the phase diagrams contain no triple points, since the system 
cannot consist of more than two phases (all liquid states are one phase, and 
the same applies to gaseous states). Let us consider the projection of the 
singular lines of the equilibrium surface on the PT-plane. There are two lines 
of phase equilibrium for the pure substances (i.e. for concentrations x = 0 
and x = 1 in both phases). One of these lines is itself in the PT-plane, and 
the other is in a plane parallel to it, so that its projection has the same form 
as the line itself. Each of these lines terminates at a point which is a critical 
point for phases of the corresponding pure substance. A critical line begins 
and ends at these points (at a point of intersection of a critical line and a pure- 
substance line, both terminate; see §101). Thus the projection of these various 
lines on the PT-plane has the form shown in Fig. 43; the notation is the same 
as in §§99 and 101. The letters g and / have a similar significance to a, b, c 
in the diagrams in §§99 and 101: g denotes gas, and / liquid. The regions g 
and / contain projections of gaseous and liquid states respectively; the region 
g—Il includes these and also states where separation into liquid and gas 
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occurs; above the critical line, the difference between liquid and gas does not 
exist. 

If there is also a line of equal concentration, the projection on the PT- 
plane is as shown in Fig. 44. The projection of the line of equal concentra- 
tion lies either above the line from the origin O to B (as in Fig. 44), or below 
OC, but not between them. Only A, B, C are points of intersection of lines. 
_ The point D does not correspond to a true intersection of the pure-substance 
line with the critical line; these intersect only in projection. The letters /; and 
/, in the diagram denote liquid phases of different concentrations. Above the 
line of equal concentration there is only one liquid phase." 
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All these properties of the projections of the singular lines on the PT-plane 
become obvious if we consider the phase diagrams corresponding to the 
cross-sections of the equilibrium surface by various planes of constant tem- 
perature (or pressure). For example, the cross-sections corresponding to 
pressures below that at B and to pressures between those of A and B in 
Fig. 43 give phase diagrams as shown in Figs. 32 and 34 respectively. Fig. 45 
shows cross-sections for various successive temperature ranges in Fig. 44 
(T,, Tg, Tg being the temperatures corresponding to the points A, B, C): 
the region of separation into two phases “breaks up” at the point of equal 
concentration, and two critical points are formed; thereupon, first one and 


+ Not being concerned with solid phases, we shall conventionally show lines in all the 
(P, T) diagrams as starting from the origin, as if solidification did not occur. 
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then the other hatched region shrink to a point on the ordinate axis and dis- 
appear. Fig. 46 shows similar cross-sections for successive pressure ranges. 

If the two components have limited miscibility in the liquid state, there is a 
three-phase line, which terminates at a point where it intersects a critical line 


Fic. 48 
Pp Pp 
4 4 by =] 
2 
9 gle gla 
x x x 
h< T< i, 4<T<Ig B< T 
Fic. 49 
T 
4 i 
x x 
R<P 


starting from that point. Figs. 47 and 48 show the two essentially different 
types of (P, T) projection that can occur in this case. They differ in that in 
Fig. 47 the projection of the three-phase line lies above both the pure-sub- 
stance lines, while in Fig. 48 it lies between them; the three-phase line cannot 
lie below both the pure-substance lines, since in the gaseous state the two 
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components mix in any proportion. In both cases there are two critical lines, 
one of which runs out towards high pressures. 

Figs. 49 and 50 show a number of successive cross-sections by Px and Tx 
planes for the case shown in Fig. 47. 

In conclusion, it should be emphasised that the examples of (P, T) diagrams 
discussed in this section are only the most typical ones for equilibrium of liquid 
and gaseous phases; they do not exhaust all theoretically possible forms. 


CHAPTER X 


CHEMICAL REACTIONS 


§103. The condition for chemical equilibrium 


A CHEMICAL reaction occurring in a mixture of reacting substances ultimately 
leads to the establishment of an equilibrium state in which the quantity of 
each of the substances that take part in the reaction no longer changes. This 
case of thermodynamic equilibrium is called chemical equilibrium. Any chem- 
ical reaction can take place, in general, in either direction; until equilibrium 
is reached, one direction predominates, but in equilibrium the two opposite 
reactions occur at rates such that the total numbers of particles of each of 
the reacting substances remain constant. The object of thermodynamics as 
applied to chemical reactions is to study only the chemical equilibrium, not 
the course of the reaction leading to that equilibrium. 

It is important to note that the state of chemical equilibrium is independent 
of how and under what conditions the reaction occurred‘; it depends only 
on the conditions under which the mixture of reacting substances exists in 
equilibrium. In deriving the condition for chemical equilibrium, we can there- 
fore make any desired assumptions concerning the course of the reaction. 

First of all, we shall describe the method to be used for expressing the 
reaction. Chemical reactions are commonly written as symbolic equations, 
which, if all the terms are taken to one side, have the form 

> iA; = 0, (103.1) 
v 
where the A; are the chemical symbols of the reacting substances, and the 
coefficients »; are positive or negative integers. For example, in the reaction 
2 He+O. = 2H2O or 2 H2+0O2—2 H2O = 0 the coefficients are My, = 2, 
%, = 1, "go = —2. 

Let us assume that the reaction occurs at constant temperature and pres- 
sure. In such processes the thermodynamic potential of the system tends to 
a minimum. In equilibrium, therefore, the potential ® must have its least 
possible value (for given P and T). Let Ni, No, ... be the numbers of particles 
of the various substances taking part in the reaction. Then the necessary 
condition for ® to be a minimum can be written as the vanishing of the total 


t In particular, it is independent of whether a catalyst took part in the reaction. 
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derivative of ® (for given P and T) with respect to one of the N,, say Ni: 


o® of dN2 03 dN3 , 
A aN, dNi | ON3 dN, , 
The changes in the numbers N, during the reaction are related by the reaction 
equation: it is clear that, if Ni changes by 71, each of the other N, will change 
by »,, so that dN; = (9,/1)dNi, or dN,/dNi = »,/01. The foregoing equation 
may therefore be written 
o® Vi 
2 ON; 7, 


Finally, putting 0o®/ON, = wu, and multiplying by »1, we have 
> ribs = 0. (103.2) 


This is the required condition for chemical equilibrium. In order to obtain 
it, therefore, we must replace the symbols A, by the corresponding chemical 
potentials uw; in the equation of the chemical reaction. When several different 
reactions can occur in the mixture, the equilibrium condition will be a set of 
several equations such as (103.2), each obtained by the above method from 
the equation of the corresponding reaction. 

It may be noted that the condition (103.2) retains its form even when the 
reacting substances are distributed in the form of solutes in two different 
phases in contact. This follows from the fact that in equilibrium the chemical 
potentials of each substance in either phase must be equal, in accordance 
with the conditions for phase equilibrium. 


§104. The law of mass action 


Let us apply the general condition for chemical equilibrium, derived in 
§103, to reactions taking place in a gas mixture, assuming that the gas may be 
regarded as an ideal one. 

The chemical potential of each gas in the mixture is (see §95) 


4 = Tlog P,+ 47), (104.1) 


where P; is the partial pressure of the ith gas in the mixture; P, = c,P if P 
is the total pressure of the mixture and c, = N,/N is the concentration of the 
gas in question, defined as the ratio of the number N, of molecules of that gas 
to the total number N = }' N; of molecules in the mixture. 

It is now easy to write down the condition of chemical equilibrium for 
reactions in a mixture of gases. Substitution of (104.1) in (103.2) gives 


> Vii= 1 v; log Pot), WXi= 0, 
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where the P,; are the partial pressures of the gases in a state of chemical 
equilibrium, or 


1 
» v; log Poi = ad ViXi- 
u r 


Using the notation 
K,(T) = e~*ealT, (104.2) 


we thus have 
ICP pL). (104.3) 
i 


Instead of P,; we can substitute Pc,;, where the c,; are the concentrations of 
the gases in chemical equilibrium. Then 


IT cg’! = P-2*K,(T) = KAP, T). (104.4) 
i 


The quantity on the right of (104.3) or (104.4) is a function only of tempera- 
ture and pressure, and does not depend on the initial amounts of the reacting 
gases: this quantity is usually called the chemical equilibrium constant, and 
the law expressed by formula (104.3) or (104.4) is called the law of mass 
action. 

The dependence of the gas reaction equilibrium constant on the pressure 
is entirely determined by the factor P~*” on the right-hand side of equation 
(104.4); if the quantities of reacting substances are expressed in terms of their 
partial pressures, the equilibrium constant is independent of pressure. The 

determination of its dependence on temperature, however, requires further 
assumptions concerning the properties of the gases. 

For example, if the gases have constant specific heats, a comparison of the 
expression (104.1) with formula (43.3) for the thermodynamic potential of 
such a gas shows that the functions 7,(T) are of the form 


XAT) = €o:—CyiT log T—TE,, (104.5) 


where c,; is the specific heat and ¢; the chemical constant of the gas. Substi- 
tuting this expression in (104.2), we obtain for the equilibrium constant the 


formula 
K,(T) = e766: T cose reo! T, (104.6) 


which is essentially an exponential function of temperature. 
The law of mass action is valid also for reactions between solutes, provided 
that the solution may be regarded as weak. For the chemical potential of each 


solute has the form 
“= T log c;+ p(P, T), (104.7) 


obtained by differentiating the thermodynamic potential (88.3) with respect 
to n;. The concentration c, is here defined as the ratio of the number of par- 
ticles of the solute in question to the number of solvent particles (c; = N,/N). 
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Substituting (104.7) in the equilibrium condition (103.2), we find in the same 


way 
IT cy" = K(P,T), (104.8) 
t 


with the equilibrium constant 
K(P, T) = e~ 2d T, (104.9) 


Unlike the case of gas reactions, the dependence of the equilibrium constant 
on the pressure here remains indeterminate. 

If the reaction involves, as well as gases or solutes, substances in a pure 
condensed phase (i.e. not mixed with other substances), e.g. pure solids, then 
the equilibrium condition again leads to the law of mass action. Here, how- 
ever, since the chemical potential of the pure phases depends only on the 
pressure and temperature, the left-hand side of the equation for the law of 
mass action will not involve the quantities of the pure phases, i.e. the product 
of the concentrations of the gases (or solutes) must be written as if the solids 
were absent. The latter affect only the dependence of the equilibrium constant 
on pressure and temperature. 

If only gases and solids take part in the reaction, then, since the pressure 
of the gases is comparatively small, the chemical potential of the solids may 
be regarded as independent of the pressure, and the dependence of the equi- 
librium constant on the pressure remains the same as in (104.4). The sum 
2», in the exponent must of course denote only the sum of the coefficients of 
the gaseous substances in the reaction equation. 

Finally, the law of mass action is valid also for reactions in weak solutions 
where the solvent as well as the solutes takes part in the reactions. For, when 
the chemical potential is substituted in the condition for chemical equilib- 
rium, the small terms which contain the concentration may be omitted, and 
the potential then reduces to a quantity which depends only on temperature 
and pressure. Thus we again obtain the equation of the law of mass action, 
and its left-hand side again involves only the concentrations of the reacting 
solutes, not that of the solvent. 


PROBLEMS 


PROBLEM 1. Find the equilibrium constant for the dissociation of a diatomic gas at high 
temperatures; the gas molecule consists of identical atoms and has zero spin and orbital 
angular momentum in the ground state. 


So LUTION. The reaction concerned is of the form A, = 2A. The specific heats of the 
gases A, and A are Cpa, = 9/2, Cpa = 5/2, and the chemical constants are (see (45.4), 
(46.4), (49.8)) 

Ca = log [g4(m/27h?)8/?], Ca, = log [(1/f8m)(m/x)*/*], 


where mm is the mass of the atom A (that of the molecule A, being 2mm), and ga the statis- 
tical weight of the ground state of the atom A; at sufficiently high temperatures ga = 
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(2S + 1)(2L+1), where S and L are the spin and orbital angular momentum of the atom. 
Substitution in (104.6) gives 


_ 8] w\3i2 €9/7 
K,(T) = Ey20 (=) ea é€ . 


Here &) = 2€0a—€£0a, is the dissociation energy of the molecule. 


PROBLEM 2. Determine the dependence of the concentration of hydrogen dissolved as 
H atoms in a metal on the pressure of H, gas over the metal. 


SOLUTION. Regarding the process as a chemical reaction H, = 2 H, we can write the 
equilibrium condition as wa, = 2ua; “x, is written as the chemical potential of an ideal 
gas, Un, = Tlog P+ (71), and uw, as the chemical potential of the solute in a solution, 
Hy = Tlogc+y. Since p depends only slightly on the pressure (cf. §91), we find c = con- 
stant X VP. 


§105. Heat of reaction 


A chemical reaction is accompanied by the absorption or evolution of heat. 
In the former case the reaction is said to be endothermic, and in the latter 
case exothermic. It is evident that, if any particular reaction is exothermic, 
the reverse reaction will be endothermic, and vice versa. 

The amount of heat involved in a reaction depends on the conditions under 
which the reaction occurs. Hence, for instance, we must distinguish the heats 
of reaction at constant volume and at constant pressure (although the differ- 
ence is usually quite small). 

As in calculating the heat of solution (§92), we first find the maximum work 
which can be obtained by means of the chemical reaction. We call a reaction 
between one group of molecules as shown by the reaction equation an “ele- 
mentary reaction’, and calculate the change in the thermodynamic potential 
of a mixture of reacting substances when a small number 6n of elementary 
reactions take place, assuming that the reaction occurs at constant tempera- 
ture and pressure. We have 


The change in the number of molecules of the ith substance after dn element- 
ary reactions is clearly 6N, = —v, én. Thus 
é@ = — on Y Vi Pj. (105.1) 
i 
In equilibrium 6®/6n is zero, as we should expect. 

Formula (105.1) is the general expression for the minimum work which 
must be done in order to bring about 6n elementary reactions. It is also the 
maximum work which can be obtained from that number of reactions occur- 
ring in the reverse direction. 
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Let us first suppose that the reaction is between gases. Using the expression 
(104.1) for u;, we find 


dD = —6n(T ¥) log Pit), xi), 
or, in terms of the equilibrium constant, — 
6 = T bn{—} », log P;+ log K,(T)] 


= T dn[—)) log e,+ log KP, T)]. (105.2) 


For reactions in solution we similarly find, using the expression (104.7) 
for yu, 


6B = —dn (TY, y,log + ¥, iyi), 


or, in terms of the equilibrium constant K(P, T), 
66 = T 6n [—Y. »; log ¢;+ log K(P, T)). (105.3) 
i 


The sign of 6® determines the direction in which the reaction takes place: 
since ® tends to a minimum, for 6® < 0 the reaction occurs in the forward 
direction (i.e. “from left to right’’ in the equation of the chemical reaction), 
while if 6® > 0 the reaction will actually go in the opposite direction in the 
mixture concerned. It may be noted, however, that the direction of the 
reaction is also evident directly from the law of mass action: we form the 
product J7P;" for the mixture in question and compare it with the value of 
the equilibrium constant for the reaction. If, for instance, we find that IZP,”* > 
K,; this means that the reaction will occur in the forward direction, so as 
to reduce the partial pressures of the original substances (which have positive 
v, in the reaction equation), and increase those of the reaction products 
(for which », < 0). 

We can now determine also the heat absorbed (or evolved, according to 
sign), again for 6n elementary reactions. Formula (92.4) shows that this heat 
6Q,, is, for a reaction at constant temperature and pressure, 


0 6® 
=i), 
For reactions between gases we have, substituting (105.2), 
80, = —T? én Sleek. (105.4) 
oT 
Similarly, for solutions 
j0 5 crane SERED. (105.5) 


oT 


We may note that 6Q,, is simply proportional to 6n and does not depend on 
the values of the concentrations at any instant. These formulae are therefore 
valid for any 6n, whether small or not. 
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If Q,, > 0, i.e. the reaction is endothermic, 0 log K/0T < 0, and the equi- 
librium constant decreases with increasing temperature. On the other hand, 
for an exothermic reaction (Q, < 0) the equilibrium constant increases with 
temperature. An increase in the equilibrium constant signifies that the chem- 
ical equilibrium is shifted back towards the re-formation of the initial sub- 
stances—the reaction goes “from right to left’’, so as to increase the product 
ITc,;”". Conversely, a decrease in the equilibrium constant signifies a shift 
of the equilibrium towards formation of the reaction products. In other 
words, we can formulate the following rule: heating shifts the equilibrium in 
the direction of the endothermic process, and cooling in the direction of the 
exothermic process. This rule is entirely in agreement with Le CHATELIER’s 
principle. 

For reactions between gases the heat of reaction at constant volume (and 
temperature) is also of interest. This quantity 6Q, is related in a simple 
manner to 6Q,,. The quantity of heat absorbed in a process at constant vol- 
ume is equal to the change in the energy of the system, whereas 6Q,, is equal 
to the change in the heat function. Since E = W—PY, it is clear that 6Q, = 
= 60,,—6(PV), or, substituting PV = T)' N, and 6N, = — », 6n, 


8Q, = 6Q,+T dn >) %. (105.6) 


Finally, let us determine the change in volume of a mixture of reacting 
substances as a result of a reaction occurring at constant pressure (and tem- 
perature). For gases, the problem is trivial: 


6V = (T/P)SN = —(T/P)in ¥. ¥;. (105.7) 


In particular, reactions in which the total number of particles is unchanged 
(>) », = 0) occur without change of volume. 

For reactions in weak solutions we use the formula 6V = 0 6@/0P and, 
substituting (105.3), we obtain 
0 log K(P, T). 


po (105.8) 


6V =T on 


for gases this formula reduces to (105.7), of course, on substituting K = 
= (P77, . 

Thus a change in volume in the reaction is due to a pressure dependence of 
the equilibrium constant. In a similar way to the previous discussion of the 
temperature dependence, we easily deduce that an increase in pressure favours 
reactions in which the volume decreases (i.e. shifts the equilibrium in the 
direction of such reactions), and a decrease in pressure favours reactions 
which lead to an increase in volume, again in complete agreement with LE 
CHATELIER’S principle. 
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§106. Ionisation equilibrium 


At sufficiently high temperatures, collisions between gas particles may 
cause their ionisation. The existence of such thermal ionisation leads to the 
establishment of a thermal equilibrium in which certain fractions of the total 
number of gas particles are in various stages of ionisation. Let us consider 
thermal ionisation of a monatomic gas; this is the most interesting case, 
since chemical compounds are usually completely dissociated before the 
onset of thermal ionisation. 

Thermodynamically, ionisation equilibrium is a particular case of chemical 
equilibrium corresponding to a series of simultaneously occurring “ionisation 
reactions’, which may be written 


Ao = Aite’, Aq = As+e@ 75.25% (106.1) 


where the symbol Ao denotes the neutral atom, Ai, Ag, ... the singly, doubly 
etc. ionised atoms and e~ the electron. For these reactions the application 
of the law of mass action gives the set of equations 


Cn_lCn¢ = PKy™(T) (=1,2,...); (106.2) 


where Co is the concentration of neutral atoms, ci, C2, ... the concentrations 
of the various ions, and c the concentration of electrons (each defined as the 
ratio of the number of particles of the kind in question to the total number 
of particles, including electrons). To these equations we must add one which 
expresses the electrical neutrality of the gas as a whole: 


¢ = ¢y+2cet3c3+.... (106.3) 


Equations (106.2) and (106.3) determine the concentrations of the various 
ions in ionisation equilibrium. 

The equilibrium constants K,™ can be calculated without difficulty. All 
gases which take part in “reactions” (gases of neutral atoms, ions, or elec- 
trons) are monatomic and have constant specific heat c, = 5/2, and their 
chemical constants are ¢ = log [g(m/2xh?)*/*], where m is the mass of a 
particle of the gas considered, and g the statistical weight of its ground state; 
for electrons, g = 2, while for atoms and ions g = (2L+1)(2S+1), where 
L and S are the orbital angular momentum and spin of the atom or ion.t 
Substituting these values in formula (104.6), we obtain the following express- 
ion for the required equilibrium constants: 

Bn (20\32 H8 
Ki) = Fe (n) 8 


(106.4) 


+ For reasons given below we may assume that all atoms and ions are in the ground 
state, even in a considerably ionised gas. If the atom (or ion) ground state has a fine struct- 
ure, we assume that T is large compared with the intervals in this structure. 
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where m is the electron mass and I, = €,—& ,_, the energy of the nth 
ionisation (mth ionisation potential) of the atom. 

The degree of ionisation (for n-fold ionisation) of the gas becomes of the 
order of unity as the temperature increases and the equilibrium constant 
K{ = PK, decreases to a value of the order of unity. It is very important 
to note that, despite the exponential dependence of the equilibrium constant 
on temperature, this stage is reached not when T ~ J, but at considerably 
lower temperatures. The reason is that the coefficient of the exponential 
e'*!T is small: the quantity (P/T)(42/mT)3 = (N/V)(#2/mT)?? is in general 
very small, being for T ~ J of the order of the ratio of the atomic volume to 
the volume V/N per atom in the gas. 

Thus the gas will be considerably ionised even at temperatures which are 
small compared with the ionisation energy, but the number of excited atoms 
in the gas will still be small, since the excitation energy of the atom is in 
general of the same order as the ionisation energy. 

When T becomes comparable with the ionisation energy, the gas is almost 
completely ionised. At temperatures of the order of the binding energy of 
the last electron in the atom, the gas may be regarded as consisting of elec- 
trons and bare nuclei only. 

The binding energy J; of the first electron is usually much less than the 
subsequent ones /,; there is therefore a range of temperatures in which the 
gas may be supposed to include only neutral atoms and singly charged ions. 
Defining the degree of ionisation « of the gas as the ratio of the number of 
ionised atoms to the total number of atoms, we have 


e=¢c,=a/(1+a), co = (1—a)/(1+2), 
and equation (106.2) gives (1 —«?)/a® = PK,, whence 
a = 1//(1+PK,(). (106.5) 


This entirely determines the degree of ionisation as a function of pressure 
and temperature (in the temperature range considered). 


§107. Equilibrium with respect to pair production 


At extremely high temperatures, comparable with the rest energy? mc? of 
the electron, collisions of particles in matter may be accompanied by the 
formation of electron-positron pairs. The number of particles itself then cea- 
ses to be a given quantity, and depends on the conditions of thermal equi- 
librium. 

Pair production (and the reverse process, annihilation) can be regarded 
thermodynamically as a “chemical reaction” e ++e7~ = y, where the symbols 


t The energy mc? = 0.51108 eV, so that the temperature mc?/k = 610° degrees. 
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.e* and e~ denote a positron and an electron, and y denotes one or more 
photons. The chemical potential of the photon gas is zero (§60). The condition 
of equilibrium for pair production is therefore 


uw +yut =0, (107.1) 


where w~ and uw * are the chemical potentials of the electron and positron 
gases. It should be emphasised that u here denotes the relativistic expression 
for the chemical potential, including the rest energy of the particles (cf. §27), 
which plays an important part in pair production. 

Even at temperatures T ~ mc?, the number of pairs formed per unit volume 
is very large in comparison with the atomic electron density (see the next 
footnote). We can therefore suppose with sufficient accuracy that the number 
of electrons is equal to the number of positrons. Then u~ = wt, and the 
condition (107.1) gives u~ = u* = 0, i.e. in equilibrium the chemical po- 
tentials of the electrons and positrons must be zero. 

Electrons and positrons obey Fermi statistics; their number is therefore 
obtained by integrating the distribution (55.3) with uw = 0: 


oo 


V ped 
Nt+=N- = ae | are (107.2) 


0 
where « is determined from the relativistic expression ¢ = c 4/(p?+m?c?). 
For T<« mc, this number is exponentially small (~ e~”/7). In the 
opposite case (JT > mc?) we can put ¢ = cp, and formula (107.2) gives 


Bf x2 
Neen (i) dx 


72 \ic ex+]° 
0 


The integral in this formula can be expressed in terms of the ¢ function (see 
the second footnote to §57), giving* 


3¢(3) (/T\3 
Nt =N-= _ Fa V = 0.183(T/he)V. (107.3) 


The energy of the positron and electron gases is similarly 


VT (T\3° x3 dx 
+= eee, eee —— = 2 4 3 wi 
E+ =E-=— (i) | Sy = EVTY120(he)®. (107.4) 

0 
This quantity is $ of the energy of black-body radiation in the same volume. 


+ For T ~ mc? the volume per particle formed is of the order of (h/mc)*, i.e. the cube of 
the Compton wavelength. This volume is very small in comparison with the atomic di- 
mensions (for example, in comparison with the cube of the Bohr radius, (#2/me?)°). 
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PROBLEM 


Determine the equilibrium density of electrons and positrons for T « mc’. 


SOLUTION. Using the expression (46.1a) for the chemical potential (to which mc? must 
be added), we obtain 


ntn- = 4(mT/2nh?)%e -2me"/7 
where n~ = N~/V and n+ = Nt/V are the electron and positron densities. If m9 is the 
initial electron density (in the absence of pair production), then n- = n+ +2, and we find 


n* = n~—ng = —4not [4ng?+4(mT/2ah?)2e~ 2m T U2, 


CHAPTER XI 


PROPERTIES OF MATTER AT VERY 
HIGH DENSITY 


§108. The equation of state of matter at high density 


THE study of the properties of matter at extremely high density is of funda- 
mental importance. Let us follow qualitatively the change in these properties 
as the density is gradually increased. 

When the volume per atom becomes less than the usual size of the atom, 
the atoms lose their individuality, and so the substance is transformed into 
a highly compressed plasma of electrons and nuclei. If the temperature of 
the substance is not too high, the electron component of this plasma is a 
degenerate Fermi gas. An unusual property of such a gas has been mentioned 
at the end of §56: it becomes more nearly “ideal’’ as the density increases. 
Thus, when the substance is sufficiently compressed, the interaction of the 
electrons with the nuclei (and with one another) becomes unimportant, and 
the formulae for an ideal Fermi gas may be used. According to (56.9) this 
occurs when n, >> (m,e?/f?)8Z?_ holds, where n, is the number density of 
electrons, m, the electron mass, and Z some mean atomic number of the 
substance. We therefore find for the total mass density of the substance the 
inequality 

0 >> (m,e2/h?)8m'Z? ~ 20Z? g/cm’, (108.1) 
where m’ is the mass per electron, so that 9 = n,m’.' The “gas of nuclei” 
may still be far from degeneracy, because of the large mass of the nucleus, 
but its contribution to the pressure of the substance, for example, is in any 
case entirely negligible in comparison with that of the electron gas. 

Thus the thermodynamic quantities for a substance under the conditions in 
question are given by the formulae derived in §56, applied to the electron 
component. In particular, for the pressure we havet 


P= (322/32 2)". (108.2) 


, 
5 m,\m 


+ In all the numerical estimates given in this section it is assumed that the mean atomic 
weight of the substance is twice its mean atomic number, so that m’ is twice the proton 
mass. 

It may be mentioned that the degeneracy temperature of the electrons corresponding to 
a density @ ~ 20Z? g/cm? is of the order of 10®Z*/3 degrees. 

t This expression is the first term in an expansion in powers of the reciprocal density 
(the small parameter is (1/n,)(m,e?/h7)®, but a more precise criterion of smallness will 
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The condition (108.1) on the density gives for the pressure the numerical 
inequality P > 5x 108 Z10/3 atm. 

In the above formulae the electron gas is assumed non-relativistic. This 
implies that the Fermi limiting momentum po is small compared with mc 
(see §58), giving the numerical inequalities 


o0<2X108 g/cm’, P< 10" atm. 


When the density and pressure of the gas become comparable with these 
values, the electron gas becomes relativistic, and when the opposite inequali- 
ties hold we have the extreme relativistic case. where the equation of state is 
determined by formula (58.4): 


P = 3(3n?)/8hc(o/m’)4!3, (108.3) 


A further increase in density leads to states where nuclear reactions con- 
sisting in the capture of electrons by nuclei (with emission of neutrinos) are 
thermodynamically favoured. Such a reaction decreases the charge on the 
nucleus (leaving its atomic weight constant), and this in general causes a 
decrease in the binding energy of the nucleus, i.e. a decrease in its mass 
defect. The energy required to bring about such a process is more than 
counterbalanced at sufficiently high densities by the decrease in the energy of 
the degenerate electron gas because of the smaller number of electrons. 

It is not difficult to write down the thermodynamic conditions which 
govern the “chemical equilibrium” of the nuclear reaction mentioned, which 
may be symbolically written as 

Agte”~ = Az_i+ Y, 
where A, denotes a nucleus of atomic weight Z, e~ an electron and » a 
neutrino. The neutrinos are not retained by matter and leave the body; such 
a process must lead to a steady cooling of the body. Thus thermal equilibrium 
can be meaningfully considered in these conditions only if the temperature 
of the substance is taken as zero. The chemical potential of the neutrinos will 
not then appear in the equation of equilibrium. The chemical potential of the 
nuclei is mainly governed by their internal energy, which we denote by —e,4 7 
(the term “binding energy” usually refers to the positive quantity ¢,4 7). 
Finally, let u,(n,) denote the chemical potential of the electron gas as a 
function of the number density n, of particles in it. Then the condition of 
chemical equilibrium takes the form —e, 7+u,(",) = —€,4, 7-1 OF, put- 
ting €4 7-4 7-, = A, 
Le(Ne) =A, 


depend on Z also). In the next approximation, which contains an extra power @—1/3, a 
contribution to the plasma energy is given by the Coulomb interaction of the electrons and 
nuclei. The minimum of this energy corresponds to an ordered arrangement of the nuclei 
in a “crystal lattice”. A calculation of the relevant corrections to the equation of state is 
given by A. A. Asrixosov, Soviet Physics JETP 12, 1254, 1961. 
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Using formula (58 2) for the chemical potential of an extreme relativistic 
degenerate gas, we thus find 
n, = A3/32?(ch)?. (108.4) 

The equilibrium condition therefore gives aconstant value of the electron 
density. This means that, as the density of the substance gradually increases, 
the nuclear reaction in question begins to occur when the electron density 
reaches the value (108.4). As the substance is further compressed, more and 
more nuclei will each capture an electron, so that the total number of electrons 
will decrease but their density will remain constant. Together with the electron 
density the pressure of the substance will also remain constant, being again 
determined mainly by the pressure of the electron gas: substitution of (108.4) 
in (108.3) gives 

P = A4/12n%(hc)?. (108.5) 
This will continue until each nucleus has captured an electron. 

At still higher densities and pressures the nuclei will capture further 
electrons, the nuclear charge being thus reduced further. Ultimately the nuclei 
will contain so many neutrons that they become unstable and break up. At a 
density @ ~ 3X 10"! g/cm? (and pressure P ~ 104 atm) the neutrons begin 
to be more numerous than the electrons, and when 9 ~ 102 g/cm? the press- 
ure due to the neutrons begins to predominate. This is the beginning of a 
density region in which matter may be regarded as essentially a degenerate 
neutron Fermi gas with a small number of electrons and various nuclei, 
whose concentrations are given by the equilibrium conditions for the corre- 
sponding nuclear reactions. The equation of state of matter in this range is 


_ (Bn2)2/38 RP 


where m,, is the neutron mass. 
Finally, at densities 9>> 6 X 104 g/cm}, the degenerate neutron gas becomes 
extreme-relativistic, and the equation of state is 
pao; (x). (108.7) 
4 My 
It should be remembered, however, that at densities of the order of that of 
nuclear matter the specifically nuclear forces (strong interaction of nucleons) 
become important. In this range of densities formula (108.7) can be only 
qualitative. In the present state of our knowledge concerning strong inter- 
actions we can draw no definite conclusions concerning the state of matter 
at densities considerably above the nuclear value. We shall merely mention 
that in this range other particles besides neutrons may be expected to appear. 
Since particles of each kind occupy a separate group of states, the conversion 
of neutrons into other particles may be thermodynamically favoured because 
of the decrease in the limiting energy of the Fermi distribution of neutrons. 
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§109. Equilibrium of bodies of large mass 


Let us consider a body of very large mass, the parts of which are held 
together by gravitational attraction. Actual bodies of large mass that are 
known to us, namely the stars, continuously radiate energy and are certainly 
not in thermal equilibrium. It is, however, of fundamental interest to discuss 
an equilibrium body of large mass. We shall neglect the effect of temperature 
on the equation of state, i.e. consider a body at absolute zero—a “cold” body. 
Since in actual conditions the temperature of the outer surface is considerably 
lower than the internal temperature, a discussion of a body with a constant 
non-zero temperature is in any case devoid of physical meaning. 

We shall further assume that the body is not rotating; then it will be 
spherical in equilibrium, and the density distribution will be symmetrical 
about the centre. 

The equilibrium distribution of density (and of the other thermodynamic 
quantities) in the body will be determined by the following equations. The 
Newtonian gravitational potential @ satisfies the differential equation Ag = 
4xGo, where 0 is the density of the substance and G the Newtonian con- 
stant of gravitation. In the case of spherical symmetry, 


1 d/,dd\ _ 
aie ( =) = 4nGo. (109.1) 
Moreover, in thermal equilibrium the condition (25.2) must be satisfied. In 
the gravitational field the potential energy of a particle of the body of mass 


m' is m’¢, and so we have 
ut+m'd = constant, (109.2) 


where for brevity the suffix zero is omitted from the chemical potential of the 
substance in the absence of the field. Expressing ¢ in terms of w by means of 
(109.2) and substituting in (109.1), we have 


2 < (r &) = —4nm'Ge. (109.3) 

As the mass of the gravitating body increases, so of course does its mean 
density, as the following calculations will confirm. When the total mass M 
of the body is sufficiently large, therefore, we can, as shown in §108, regard 
the substance as a degenerate electron Fermi gas, initially non-relativistic 
and then at still greater masses relativistic. 

The chemical potential of a non-relativistic degenerate electron gas is rela- 
ted to the density o of the body by 


(302/23 
-2 2 mm'2!3 


02/3 ; (109.4) 
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see formula (56.3), with @ = m'N/V (m' is the mass per electron and m, the 
electron mass). Expressing @ in terms of 4 and substituting in (109.3), we have 
1d du 27/2m,3/2m'"2G 

con pe 3/2 5 ee, 

73 dr ( a) Aus?, 2 a ee (109.5) 
The physically meaningful solutions of this equation must not have singular- 
ities at the origin: ~~ constant for r + 0. This requirement necessarily 
imposes on the first derivative the condition 


du/dr = 0 for r=0, (109.6) 
as follows immediately from equation (109.5) after integration over r: 


Tr 
du = — [ree dr. 


0 


A number of important results can be derived from equation (109.5) by 
simple dimensional considerations. The solution of (109.5) contains only two 
constants, A and (for instance) the radius R of the body, a knowledge of 
which uniquely defines the solution. From these two quantities we can form 
only one quantity with the dimensions of length, the radius R itself, and one 
with the dimensions of energy, 1/A2R* (the constant A having dimensions 


cm? erg-2). It is therefore clear that the function p(r) must have the form 
1 r 
Ur) = ail (z): (109.7) 


where fis some function of the dimensionless ratio r/R only. Since the density 
o is proportional to y3/2, the density distribution must be of the form 


constant r 
or) = Se F(R): 


- t It is easy to see that, for an electrically neutral gas consisting of electrons and atomic 
nuclei, the equilibrium condition can be written in the form (109.2) with the electron chem- 
ical potential as ~ and the mass per electron as m’. For the derivation of this equilibrium 
condition (§25) involves considering the transport of an infinitesimal amount of substance 
from one place to another. In a gas consisting of both positively and negatively charged 
particles, such transport must be regarded as that of a certain quantity of neutral matter 
(i.e. electrons and nuclei together). The separation of the positive and negative charges is 
energetically very unfavourable, because of the resulting very large electric fields. We there- 
fore obtain the equilibrium condition in the form 


Havet+ Zber + (Mgace + Zme)P =0 
(with Z electrons per nucleus). Owing to the large mass of the nuclei (compared with that 
of the electrons) their chemical potential is very small compared with uw. Neglecting tau 
and dividing the equation by Z, we obtain 
Fei + m ‘d = 0. 


If the atomic weight of the nuclei is assumed to be approximately twice their atomic 
number, m’ can be taken as twice the proton mass (m’ = 2m,). 
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Thus, when the size of the sphere varies, the density distribution in it 
remains similar in form, the density at corresponding points being inversely 
proportional to R®. In particular, the mean density of the sphere is inversely 
proportional to R®: 

0 ~ 1/R%. 
The total mass M of the body is therefore inversely proportional to the cube 
of the radius: 
M ~ 1/R'°, 
These two relations may also be written 
R~M-4,) 0~ M2 (109.8) 


Thus the dimensions of an equilibrium sphere are inversely proportional to 
the cube root of its total mass, and the mean density is proportional to the 
square of the mass. The latter result confirms the assumption made above 
that the density of a gravitating body increases as its mass increases. 

The fact that a gravitating sphere of non-relativistic degenerate Fermi gas 
can be in equilibrium for any total mass M can be seen a priori from the fol- 
lowing qualitative argument. The total kinetic energy of the particles in such 
a gas is proportional to M(N/V)?!8 (see (56.6)), or, what is the same thing, to 
M?!3/R2, and the gravitational energy of the gas as a whole is negative and 
proportional to M?2/R. The sum of two such expressions can have a minimum 
(as a function of R) for any M, and at the minimum R ~ M = 

Substituting (109.7) in (109.5) and using the dimensionless variable ¢ = r/R, 
we find that the function f(é) satisfies the equation 

Id df 

Hi GE (2 a2) = —f3/2 (109.9) 
with the boundary conditions f’(0) = 0, f(1) = 0. This equation cannot be 
solved analytically, and must be integrated numerically. It may be mentioned 
that as a result we find f(0) = 178.2, f’) = —132.4. 

Using these numerical values it is easy to determine the value of the con- 
stant MR°. Multiplying equation (109.1) by r? dr and integrating from 0 to R, 
we obtain 


GM = R*[d¢/dr),.n = —(R?/m')[du/dr)er = —f'()/m' PR’, 


whence! 
MR? = 91.9h8/G3m,3m'>. (109.10) 


t In §108 we have seen that matter may be regarded as a non-relativistic degenerate 
electron gas at densities @ > 20Z? g/cm’. If this inequality is satisfied for the mean density 
of the sphere considered, its mass must satisfy the condition M » 5X10~3 ZO, where 
© = 210% g is the Sun’s mass, and m’ is taken equal to twice the mass of the proton. 


The corresponding radii are less than 5x 104 Z ~$km. 
For reference it may be noted that (with m’ = 2m ) MR® = 1.40 10® g-cm3, 
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Finally, the ratio of the central density 0(0) to the mean density 9 = 3M/42R® 
is easily found to be 


e(O)/o = —F32(0)/3f"(1) = 5.99. (109.11) 


Curve 1 in Fig. 51 shows the ratio o(r) /o(0) as a function of r/R. 

Let us now examine the equilibrium of a sphere consisting of a degenerate 
extreme-relativistic electron gas. The total kinetic energy of the particles of 
such a gas is proportional to N(N/ V3 (see (58.3)), and hence to M*3/R; the 
gravitational energy is proportional to —M?/R. Thus the two quantities de- 
pend on R in the same manner, and their sum will also be of the form con- 
stant /R. It follows that the body cannot be in equilibrium: if the constant is 


positive, the body will tend to expand until the gas becomes non-relativistic; if 
the constant is negative, a decrease of R to zero corresponds to a decreased 
total energy, i.e. the body will contract without limit. The body can be in 
equilibrium only in the special case where the constant is zero, and the equi- 
librium is then neutral, the value of R being arbitrary. 

This qualitative argument is, of course, entirely confirmed by exact quanti- 
tative analysis. The chemical potential of the relativistic gas considered is 
related to the density by 

u = (3n?)Mic(o/m’)s. (109.12) 


(see (58.2)). Instead of (109.5) we now have 


1d /,dp 4Gm’? 
deer haat. 22° )— 3 ea 
es (r 7) wi, Aas. (109.13) 
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Since A now has dimensions erg ~2 cm ~2, we find that the chemical potential 
as a function of r must be of the form 


l r 
Hr) = Rah a | (109.14) 
and the density distribution 


constant r 
a aa aa (z) ; 
Thus the mean density is inversely proportional to R°, and the total mass 
M ~ Rois independent of R: 


o~ 1/R', M = constant = Mo. (109.15) 


Mois the only value of the mass for which equilibrium is possible: for M > M, 
the body will tend to contract indefinitely, and for M < Mo it will expand. 

For an exact calculation of the “critical mass’? Mo, it is necessary to inte- 
grate numerically the equation 


1d df ; _ 
a aa (ae) =-f3 £0)=0, f(l)=0, (109.16) 
which is satisfied by the function /(€) in (109.14). The result is f(0) = 6.897, 
f’G) = —2.018. For the total mass we find 
GMo = R{dd/drl-n = —f'()/m'V/4, 
whence 
3.1 /fAc\ 3/2 

Mo == (6) (109.17) 
Putting m’ equal to twice the proton mass, we find Mo = 1.45 ©. Finally, the 
ratio of the central density to the mean density is o(0)/6 = —f*(0)/3f'(1) = 
54.2. Curve 2 in Fig. 51 shows o(r)/o(0) in the extreme relativistic case as a 
function of r/R. 

The results obtained above concerning the relation between the mass and 
the radius of a “cold”’ spherical body in equilibrium can be represented by a 
single relation M = M(R) for all radii R. For large R (and therefore for small 
densities), the electron gas may be regarded as non-relativistic, and the func- 
tion M(R) decreases as 1/R*. When R is sufficiently small, however, the den- 
sity is so large that we have the extreme relativistic case, and the function 
M(R) is almost a constant Mo; strictly M(R) + Mowhen R — 0. Fig. 52 shows 
the curve M = M(R) calculated with m’ = 2m,.! It should be noted that the 


t The intermediate part of the curve is constructed by numerical integration of equation 
(109.3) with the exact equation of state for a degenerate gas, i.e. with the chemical potential 
related to the density by 

= m’ 3/370? h8 = m’ (S—m act) 
CM Po 322h? \ c? : , 


where pp is the Fermi limiting momentum. 


§109 Equilibrium of Bodies of Large Mass 335 


limiting value 1.45 © is reached only very gradually; this is because the density 
decreases rapidly away from the centre of the body, and so the extreme rela- 
tivistic case may hold near the centre while the gas remains non-relativistic 
in a considerable part of the volume of the body. We may also mention that 
the initial part of the curve (R small) has no real physical significance: at 
sufficiently small radii the density becomes so large that nuclear reactions 
begin to occur. The pressure will then increase with density less rapidly than 
o*/3, and for such an equation of state no equilibrium is possible.t 


Finally, this curve also has no meaning for large values of R (and small M): 
as has already been mentioned (see the second footnote to this section), in 
this range the equation of state used above becomes invalid. Here it should be 
pointed out that there is an upper limit to the possible size of a “cold”’ body, 
since on the curve in Fig. 52 large dimensions of the body correspond to small 
masses and small densities, but when the density is sufficiently small the sub- 
stance will be in the ordinary “atomic” state and will be solid at the low tem- 
peratures here considered. The dimensions of a body consisting of such a 
substance will obviously decrease as its mass decreases further, and not 
increase as shown in Fig. 52. The true curve R = R(M) must therefore have 
a maximum for some value of M. 

The order of magnitude of the maximum radius can easily be determined 
by noting that it must correspond to the density at which the interaction 


+ If the chemical potential is proportional to a power of the density, u ~ 9” (and so 
P ~ g"+), the internal energy of the body is proportional to Vo"t?, i.e. to Mn"+}/ R83"; 
the gravitational energy is again proportional to —M?/R. It is easy to see that for n < 
the sum of two such expressions has an extremum as a function of R, but this extremum is 
a maximum, not a minimum. 


Vint ws 
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between electrons and nuclei becomes important, i.e. for 9 ~ (m,e?/h?)?m'Z? 
(see (108.1)). Combining this with equation (109.10), we obtain 


Rmnax ~ #2/Glemgn'Z* ~ 105m,/m'Z* km. (109.18) 


§110. The energy of a gravitating body 


The gravitational potential energy E,, of a body is given by the integral 
Eg. = 4] o¢ dV, (110.1) 


taken over the whole volume of the body. It will, however, be more convenient 
for us to start from a different expression for this quantity, which may be 
found as follows. Let us imagine the body to be gradually “built up” from 
material brought from infinity. Let M(r) be the mass of substance within a 
sphere of radius r. Let us suppose that a mass M(r) with a certain value of r 
has already been brought from infinity; then the work required to add a fur- 
ther mass dM(r) is equal to the potential energy of that mass (in the form of 
a spherical shell of radius r and thickness dr) in the field of the mass M(r), 
ie. —GM(r) dM(r)/r. The total gravitational energy of a sphere of radius R 


is therefore 
Eg, = — o | Momo ‘ (110.2) 


Differentiation of the equilibrium condition (109.2) gives 


the differentiation must be at constant temperature, and (Ou/0P), = v is the 
volume per particle. The derivative —dq@/dr is the force of attraction on unit 
mass at a distance r from the centre, and equals —GM(r)/r?. Using also the 
density 9 = m’/v, we have 


(110.3) 


From this equation we substitute in (110.2) —GM(r)/r = (r/o) dP/dr, and 
write dM(r) in the form o(r)-4ar? dr: 
R 
E,. = 4} r3 als dr 
cs dr” 
0 


and finally integrate by parts (bearing in mind that at the boundary of the 
body P(R) = Oand that r3P — Oasr — 0): 


E, 


R 
er = — 12x f Pr? dr, 
0 


§110 The Energy of a Gravitating Body 337 


| OF 


Eg, = —3) Pav. (110.4) 


Thus the gravitational energy of an equilibrium body can be expressed as an 
integral of the pressure over the volume. 

Let us apply this formula to the degenerate Fermi gases considered in §109. 
We make the calculation for the general case, and take the chemical potential 
of the substance to be proportional to some power of its density: 


p= Ko". (110.5) 
Since du = v dP = (m'/o) dP, we have 


P = —— —o"+1, (110.6) 


In the equilibrium condition 4/m'+@ = constant, the constant is just the 
potential at the boundary of the body, where w vanishes; this potential is 
—~GM/R(M = M(R) being the total mass of the body), and so we can write 

fy OM 
oy) —_ m’ R ° 
We substitute this expression in the integral (110.1) which gives the gravitational 
energy, and use formulae (110.5), (110.6), obtaining 


2 

Rag ayy | HoaY SR oe apt | On AV 
n+l GM 
-"— | Pave. 


Finally, expressing the integral on the right in terms of E,, by (110.4), we have 
_ ntl GM? 


a 6n & 2R 
or 
3n GM? 
Eg = — ZR (110.7) 


Thus the gravitational energy of the body can be expressed by a simple for- 
mula in terms of its total mass and its radius. 

A similar formula can also be obtained for the thermal internal energy E 
of the body. The internal energy per particle is ~— Pv (for zero temperature 
and entropy); the energy per unit volume is therefore 


I ou 
> 0 ae Pr; 
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or, substituting (110.5) and (110.6), 
K ont P 


mnt+l1 n° 


The internal thermal energy of the whole body is therefore 


1 1 1 GM? 
b= 7 | Par= ~ 3, Fer ee (110.8) 
Finally, the total energy of the body is 
3n—1 GM? 
Eto, = E+Egr = at oR (110.9) 
For a non-relativistic degenerate gas n = 3, and so? 
6 GM 3 GM2 3 GM 
Eo = > “~R”? er} R” tot — Sg pS (110.10) 
In the extreme relativistic case, m = 4, so that 
3 GM? 
Egy = —-E= _) R”’ Etot = 0. (110.11) 


The total energy is zero in this case, in accordance with the qualitative argu- 
ments given in §109 concerning the equilibrium of such a body. 


§111. Equilibrium of a ‘‘neutron’’ sphere 


For a body of large mass there are two possible equilibrium states. One cor- 
responds to the state of matter consisting of electrons and nuclei, as assumed 
in the numerical estimates in §109. The other corresponds to the “neutron” 
state of matter, in which almost all the electrons have been captured by pro- 
tons and the substance may be regarded as a neutron gas. When the body is 
sufficiently massive, the second possibility must always become thermodynam- 
ically more favourable than the first. Although the transformation of nuclei 
and electrons into free neutrons involves a considerable expenditure of energy, 
when the total mass of the body is sufficiently great this is more than counter- 
balanced by the release of gravitational energy owing to the decrease in size 
and increase in density of the body (see below). 

First of all, let us examine the conditions in which the neutron state of a 
bocy can correspond to any thermodynamic equilibrium (which may be meta- 
stable). To do this, we start from the equilibrium condition 1+m,@ = con- 
stant, where u is the chemical potential (the thermodynamic potential per 
neutron), m, the neutron mass, and @ the gravitational potential. 


t In this case 2E = —E,,, in agreement with the virial theorem of mechanics, applied 
to a system of particles interacting according to NEWTON’s law; see Mechanics, §10. 
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Since the pressure must be zero at the boundary of the body, it is clear that 
in an outer layer of the body the substance will be at low pressure and den- 
sity and will therefore consist of electrons and nuclei. Although the thickness 
of this “shell” may be comparable with the radius of the dense inner neutron 
“core”, the density of the outer layer is much lower, and so its total mass may 
be regarded as small compared with the mass of the core.t 

Let us compare the values of u+m,¢ at two points: in the dense core near 
its boundary and near the outer boundary of the shell. The gravitational 
potential at these points may be taken as —GM/R and —GM/R’, where 
Rand R’ are the core and shell radii, and M the mass of the core, which in the 
approximation used here is equal to the total mass of the body. The chemical 
potential at both points is determined mainly by the internal energy (bind- 
ing energy) of the corresponding particles, which is large compared with their 
thermal energy. The difference between the two chemical potentials may there- 
fore be taken as simply equal to the difference between the rest energy of a 
neutral atom (i.e. a nucleus and Z electrons) per unit atomic weight and the 
rest energy of the neutron; let this quantity be denoted by 4.1 Then, equating 
the values of +m, at the two points considered, we have 


Hence, whatever the radius R’, the mass and radius of the neutron core must 
certainly satisfy the inequality 
m,MG/R > A. (111.1) 

Applying the results of §109 to a spherical body consisting of a degenerate 

(non-relativistic) neutron gas, we find that M and R are related by 

MR? = 91.9h®/G3m,8 = 7.2 10°! g-cm? (111.2) 
(formula (109.10) with m, and m’ replaced by m,). Hence expressing M in 
terms of R and substituting in (111.1), we obtain an inequality for M, which 
in numerical form is M > ~ 0.2@. For example, with 4 for oxygen we get 
-M > 0.170, and for iron M > 0.18@©. These masses correspond to radii 
R < 26 km. 

This inequality gives a lower limit of mass, beyond which the “neutron” 
state of the body cannot be stable. It does not, however, ensure complete 
stability; the state may be metastable. To determine the limit of metastabil- 
ity, we must compare the total energies of the body in two states: the neutron 
state and the electron-nucleus state. The conversion of the whole mass M 
from the electron-nucleus state to the neutron state requires an expenditure 


t There is, of course, no sharp boundary between the “core” and the “shell”, and the 
transition between them is continuous. 

+ A/c? is just the difference of the nucleus and neutron “packing fractions”, multiplied 
by the nuclear mass unit. 
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of energy MA /m,, to counterbalance the binding energy of the nuclei. In the 
process, energy is released because of the contraction of the body; according 
to formula (110.10), this gain of energy is 


3GM2 (1 1 
7 (R,~ 7) 


where R,, is the radius of the body in the neutron state, given by formula 
(111.2), and R, its radius in the electron-nucleus state, given by (109.10). 
Since R, >> R,, the quantity 1/R, may be neglected, and we obtain the follow- 
ing sufficient condition for complete stability of the neutron state of the 
body (omitting the suffix in R,): 


3GMm,/7R => A. (111.3) 


Comparing this condition with (111.1) and using (111.2), we see that the lower 
limit of mass determined by the inequality (111.3) is greater by a factor 
(7/3) = 1.89 than that given by (111.2). Numerically, the limit of 
metastability of the neutron state is therefore at amass M = 4© (and radius 
R = 22km).t 

Let us now consider the upper limit of the range of mass values for which 
a “neutron’”’ body can be in equilibrium. If we were to use the results of §109 
(formula (109.17), with m,, in place of m’), the value obtained for this limit 
would be 6 ©. In reality, however, these results are not applicable here, for 
the following reason. In a relativistic neutron gas, the kinetic energy of the 
particles is of the order of, or greater than, the rest energy.t In consequence 
it is no longer valid to use the Newtonian gravitational theory, and the calcu- 
lations must be based on the general theory of relativity; and, as we shall see 
later, we find that the extreme relativistic case is no longer reached. The cal- 
culations must therefore make use of the exact equation of state of a degen- 
erate Fermi gas—the parametric equation derived in §58, Problem 3. 

The calculations are effected by numerical integration of the equations of 
a spherically symmetric static gravitational field, and the results are as fol- 
lows. |! 

The limiting mass of a neutron sphere in equilibrium is found to be only 
Myax = 0.760, and this value is reached at a finite radius Rj, = 9.42 km. 
Fig. 53 shows a graph of the relation obtained between the mass M and the 
radius R. Stable neutron spheres of larger mass or smaller radius cannot, 

t The mean density of the body is then 1.4 101? g/cm?, and so the neutron gas may in 
fact still be regarded as non-relativistic, and the formulae used here are still valid. 

ft In the relativistic electron gas, the kinetic energy of the particles is comparable with 
the rest energy of the electrons, but is still small in comparison with the rest energy of the 
nuclei, which contribute most of the mass of the substance. 


Il The details of the calculations are given in the original paper by J. R. OPPENHEIMER 
and G. M. Votkorr, Physical Review 55, 374, 1939. 
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therefore, exist. It should be mentioned that the mass M here denotes the 
product M = Nm,, where N is the total number of particles (i.e neutrons) 
in the sphere. This quantity is not equal to the gravitational mass M,, of the 
body, which determines the gravitational field created by it in the surrounding 
space. Because of the “gravitational mass defect’’, in stable states we always 
have M,, < M (in particular, for R = Ryin, My, = 0.95M).* 


The question arises of the behaviour of a spherical body of mass exceeding 
Mymax: It is clear a priori that such a body must tend to contract indefinitely 
(gravitational collapse). The discovery of the nature and course of such a 
process requires an investigation of the non-stationary solutions of the gravi- 
tational equations. This can be carried out in a closed analytical form only 
for the simple case of matter in the form of “dust’’, with equation of state 
P = 0. Although such a description of matter is certainly inadequate for the 
later stages of contraction, the solution of such a problem still seems to 
give a correct idea of the nature of the process even for the general case of the 
exact equation of state. It is found that, as viewed by a distant observer (with 
a Galilean frame of reference at infinity), the sphere contracts in such a way 
that as t + coits radius tends asymptotically to the value 2M. gro /c? (called the 
gravitational radius of the body). The external observer’s infinite time corre- 
sponds to a finite proper time in the local frame of reference; beyond this time, 
the matter continues to “fall’’ inward and reaches the centre, still after a finite 
interval of proper time.! 


t The point R = Rin in Fig. 53 is in fact a maximum on the curve M = M(R). This 
curve continues beyond the maximum as an inward spiral which asymptotically approaches 
a centre. The parameter which increases monotonically along the curve is the density at the 
centre of the sphere, which tends to infinity for a sphere corresponding to the limiting point 
of the spiral; see N. A. Dmitriev and S. A. KHOLIN, Voprosy kosmogonii 9, 254, 1963. 
However, no part of the curve for R < Ry»pin corresponds to a stable state of the sphere. 

{The details are given in the original paper by J. R. OPPENHEIMER and H. SNYDER, 
Physical Review 56, 455, 1939. See also The Classical Theory of Fields, §97, Problem 5; 
E. M. LiFsuirz and I. M. KHALATNIKOV, Soviet Physics JETP 12, 108, 1961. 
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It should be noted that the possibility in principle of gravitational collapse, 
which (for the model considered of a spherical body) is unavoidable for 
M => M,,,,x, is not in fact restricted to large masses. A “collapsing” state 


exists for any mass, but for M < M,,,, it is separated by a very high energy 
barrier from the static equilibrium state.t 


t See Ya. B. ZEL’DOVICH, Soviet Physics JETP 15, 446, 1962. 


CHAPTER XII 


FLUCTUATIONS 


§112. The Gaussian distribution 


IT HAS already been stressed several times that the physical quantities which 
describe a macroscopic body in equilibrium are, almost always, very nearly 
equal to their mean values. Nevertheless, deviations from the mean values, 
though small, do occur (quantities are said to fluctuate), and the problem 
arises of finding the probability distribution of these deviations. 

Let us consider some closed system, and let x be some physical quantity 
describing the system as a whole or some part of it (in the former case x must 
not, of course, be a quantity which is strictly constant for a closed system, 
such as its energy). In what follows it will be convenient to suppose that the 
mean value X has already been subtracted from x, and so we shall everywhere 
assume that x = 0. 

The discussion in §7 has shown that, if the entropy of a system is formally 
regarded as a function of the exact values of the energies of the subsystems, 
the function e§ will give the probability distribution for these energies (for- 
mula (7.17)). It is easy to see, however, that the discussion made no use of any 
specific properties of the energy. Similar arguments will therefore show that 
the probability for a quantity x to have a value in the interval from x to x+dx 
is proportional to eS), where S(x) is the entropy formally regarded as a 
function of the exact value of x. Denoting this probability by w(x) dx, we 
havet 

w(x) = constant X eS@), (112.1) 


Before proceeding to examine the consequences of this formula, let us con- 
sider its range of applicability. All the arguments leading to formula (112.1) 
tacitly assume that the quantity x behaves classically.t We must therefore 
find a condition which ensures that quantum effects are negligible. 

As we know from quantum mechanics, the relation JE Ax ~ fx exists 
between the quantum uncertainties of energy and of some quantity x, x being 
the classical rate of change of x.!! 


t This formula was first applied to the study of fluctuations by A. EINSTEIN (1910). 

t This does not mean, of course, that the whole system must be a classical one. Variables 
other than x pertaining to the system may have quantum behaviour. 

ll See Quantum Mechanics, §16. 
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Let t be a time’ expressing the rate of change of the quantity x which is 
considered here and which has a non-equilibrium value; then X ~ x/t, and so 
AE Ax ~ hx/z. It is clear that the quantity x may be said to have a definite 
value only if its quantum uncertainty is small: 4x < x, whence JE > h/t. 
Thus the quantum uncertainty of energy must be large in comparison with 
h/t. The entropy of the system will then have uncertainty 4S >> f/cT. 

If formula (112.1) is to be meaningful, it is clearly necessary for the uncer- 
tainty of entropy to be small compared with unity: 


T>fjt, «t>hiT. (112.2) 


This is the required condition. When the temperature is too low or when the 
quantity x varies too rapidly (t is too small) the fluctuations cannot be 
treated thermodynamically, and the purely quantum fluctuations become of 
major importance. 

Let us now return to formula (112.1). The entropy S has a maximum for 
x = x = 0. Hence 0S/0x = 0 and 62S/dx? < 0 for x = 0. In fluctuations the 
quantity x is very small. Expanding S(x) in powers of x and retaining only 
terms of up to the second order, we obtain S(x) = S(0)—4x?, where f is a 
positive constant. Substitution in (112.1) gives the probability distribution in 
the form 

w(x) dx = Ae~ #6 dx. 


The normalisation constant A is given by the condition 


A f e~ t6x# dx = 1. 


—sco 


Although we have used here the expression for w(x) which is valid for small x- 
the integrand decreases so rapidly with increasing |x| that the range of inte- 
gration may be extended from — ~ to o. The integration gives A = ~/(8/2z). 

Thus the probability distribution of the various values of the fluctuation 
x is given by the formula 


w(x) dx = 4/(B/2m)e- #6" dx, (112.3) 


Such a distribution is called a Gaussian distribution. It has a maximum when 
x = 0 and decreases rapidly and symmetrically as |x| increases on either side 
of the maximum. 


t The time 7 need not be the same as the relaxation time for equilibrium to be reached 
with respect to x, and may be less than this time if x approaches Xin an oscillatory manner. 
For example, if we consider the variation of pressure in a small region of the body (with 
linear dimensions ~a), t will be of the order of the period of acoustic vibrations with 
wavelength A ~ a, i.e. t ~ a/c, where c is the velocity of sound. 
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The mean square fluctuation is 


oo 


72 = B 2o— $Bx? _i 
v= |F xe dx = =. (112.4) 


Thus 8 = 1/x?, and we can write the Gaussian distribution in the form 


1 x2 
=> _—-— d . . 
w(x) dx aa exp ( 3) x (112.5) 


As we should expect, the smaller x2, the sharper is the maximum of w(x). 


Knowing the mean square x?, we can find the corresponding quantity for 
any function #(x). Since x is small, we have 


Ad = [dd/dx].—9%, 
and so 


(4¢)? = [(db/dx)*].=%?. (112.6) 


§113. The Gaussian distribution for more than one variable 


In §112 we have discussed the probability of a deviation of any one thermo- 
dynamic quantity from its mean value, disregarding the values of other quan- 
tities.t In a similar manner we can determine the probability of a simultane- 
ous deviation of several thermodynamic quantities from their mean values. 
Let these deviations be denoted by 1, X2,..., X,- 

We define the entropy S(x1,...,x,) as a function of the quantities x1, 
X2,...,X, and write the probability distribution in the form w dx, ...dx,, 
with w given by (112.1). Let S be expanded in powers of the x,; as far as the 
second-order terms, the difference S—Spo is a negative-definite quadratic 
form: 


n 
S—So = —4 i BinXiXn 


(clearly B;, = B,,). In the rest of this section we shall omit the summation 
sign, and summation from | to z over all repeated suffixes will be implied. 
Thus we write 


S—So = —4 BipxXiXp. (113.1) 


Substituting this expression in (112.1), we obtain for the required probability 
distribution 
w = Ae~ Maurits, (113.2) 


t This means that the function S(x) used in §112 was the greatest possible value of the 
entropy for the given non-equilibrium value of x. 
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The constant A is determined from the normalisation condition 


A f _ f e- thaxexe dx, ... dx, = 1. 


Here, for the same reasons as in §112, the integration over each x, can be taker 


from — ~to -. To calculate this integral we proceed as follows. The linean 


transformation 
xi= AinX'h (113.3) 


of x1, X2,..., x, converts the quadratic form f;,x;x, into a sum of squares 
x’ x’, = x’,x’,6;, (where 6,, = 0 if i # kand1 if i = k)ifthetransformation 
coefficients a,, satisfy the relations B;,4;44m = Sym» a8 is easily seen by sub- 
stituting (113.3) in B;,x,x,. The determinant of the sums @,,b,, is the product 
of the determinants | a,, | and | 5,, |, and similarly for a greater number of deter- 
minants. Since the determinant | 6,,| = 1, the above relation between the B;, 
and the transformation coefficients in (113.3) shows that 


Bat = 1, (113.4) 


where f and a denote the determinants |6;, | and | @,,|.- 
When the transformation is applied to the normalisation integral, the 
result is 


Aa f Lee f ecw dx’, ... dx’, = 1, 


— oo —oo 


since the Jacobian 0(x1,. . .,X,,)/O(X’1,.. .,X’,) = a. This integral now separates 
into a product of n integrals; calculating them and using the relation (1 13.4), 
we obtain 


A = (20) VB. 


Thus we obtain finally the Gaussian distribution for more than one variable 
in the form 


- vB exp (—4Binxixn)- (113.5) 


w (27) an 


Let us define 
X; = —0S/0x; = BinXhs (113.6) 


and determine the mean values of the products x;X;,: 
x;X, => aor | eee | sBumen Horr dx,... dXn. 


To calculate the integral let us assume for the moment that the mean values x; 
are not zero but x;,, say. Then in (113.5) x, must be replaced by x,;—;), and 
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_the definition of the mean gives 


x= vm [xe 4B mp(Xm—Xmo) (Xp—% po) dx, ... AXn = Xig. 


ax (2x) 


Differentiating this equation with respect to x,, and again putting X19,.. -,Xng 
equal to zero, we have 6,, on the right and the required integral on the left. 
Thus 


x;X, = dip. (113.7) 
Substituting (113.6) and, for convenience, renaming the suffixes, we find 
BrmiXiXk = Smb- 
Multiplying both sides by B7?,,, (i.e. by an element of the matrix inverse to 
B.,) and summing over the suffix m gives 
Bo mBmiXiXn = BoimSmr = Bolin: 
By the definition of the inverse matrix, 8~,,,Bny = 5;, and so we havet 
xiXn = Bhp. (113.8) 
Finally, let us determine X,X,. According to (113.6) and (113.7), X,X, = 
BuxX, = Budy, and so 7 sat 
X:X_ = Bin- (113.9) 


It is easy to determine also the mean square fluctuation of any function 
f(X1, ...,X,) of the quantities x1, x2, . . . ,.x,. Since the deviations from the mean 
values are small, Af = (0f/0x,)x;, where the 0f//0x, denote the values of the 
derivatives for x1 = ... = x, = 0. Hence 


or, substituting (113.8), 
(4f = a - OF gry, (113.10) 


If the fluctuations of any two of the x, (x1 and Xe, say) are statistically 
independent, the mean value x1x2 is equal to th the product of the mean values 
x1 and x. Xai since each of these is zero, So is X1X2, a and from (113.8) this implies 
that B-1,, = 0. Itis easy to see that for a Gaussian distribution the converse 


theorem is also valid: if x1x2 = 0 (i.e. B “4, = 0), the fluctuations of x; and x2 
are statistically independent. For the probability distribution wiz of the quan- 
tities x1 and x2 is obtained by integrating the distribution (113.5) over all the 


t The quantity 
XXpl A (sXe XEXe) 
is called the correlation of the quantities x, and x,. 
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other x;; the result is an expression of the form 
Wy. = constant X exp { — 4B" 11X12 — B’12%1X_ — 4B 29%9?} 


(where the coefficients 6’,, are in general different from the corresponding £;,). 
Applying formula (113.8) to this distribution, we find that x,x2 = B’~4p. 
If x1x2 = 0, then B’-1,.= 0. But for a matrix of order two the vanishing of the 
inverse matrix element £’~*,, implies that of the element f’,,.' Thus wie sepa- 
rates into a product of two independent Gaussian distributions for the quan- 


tities x; and x2, which are therefore statistically independent. 


§114. Fluctuations of the fundamental thermodynamic quantities 


We shall now calculate the mean square fluctuations of the fundamental 
thermodynamic quantities, pertaining to any small part of a body. This small 
part must still, of course, contain a sufficient number of particles. At very low 
temperatures, however, this condition may be weaker than (112.2), which 
ensures that quantum fluctuations are absent, as assumed; in this case the 
minimum permissible dimensions of the parts of the body will be determined 
by the latter condition.t To avoid misunderstanding, it should be emphasised 
that the degree of importance of quantum fluctuations has no bearing on the 
influence of quantum effects on the thermodynamic quantities (or equation of 
state) of the substance: the fluctuations may be purely thermodynamic while 
at the same time the equation of state is given by the formulae of quantum 
mechanics. 

For quantities such as energy and volume, which have a purely mechanical 
significance as well as a thermodynamic one, the concept of fluctuations is 
self-explanatory, but it needs more precise treatment for quantities such as 
entropy and temperature, whose definition necessarily involves considering 
the body over finite intervals of time. For example, let S(E, V) be the equilib- 
rium entropy of the body as a function of its (mean) energy and (mean) 
volume. By the fluctuation of entropy we shall mean the change in the func- 
tion S(E, V), formally regarded as a function of the exact (fluctuating) values 
of the energy and volume. 

As we have seen in the preceding sections, the probability w of a fluctuation 
is proportional to e*', where S, is the total entropy of a closed system, i.e. of 
the body as a whole. We can equally well say that wis proportional to e**, 
where AS, is the change in entropy in the fluctuation. According to (20.8) we 


t For a matrix of order two we have 


Boy. = Bre/(B12? — BiB 22). 


} For example, for pressure fluctuations the condition t » 4/T with t ~ a/c (see the 
last footnote to §112) gives a » hc/T. 
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have AS, = —Rmin/To, Where Ryjpy is the minimum work needed to carry out 
reversibly the given change in the thermodynamic quantities in the small part 
considered (relative to which the remainder of the body acts as a “medium’’). 
Thus 

w~ e7Rmin/ To, (114.1) 


Here we substitute for R,»jip the expression 
Rmin = AE—ToAS+ PAV, 


where JE, AS, AV are the changes in the energy, entropy and volume of the 
small part of the body in the fluctuation, and To, Po the temperature and pres- 
sure of the “medium”’, i.e. the equilibrium (mean) values of the temperature 
and pressure of the body. In what follows we shall omit the suffix zero from all 
quantities which are the coefficients of fluctuations; the equilibrium values 
will always be meant. Thus we have 


( 45—TAS + PAY) 
w~ exp (————_, ~~]. 


We may note that in this form the expression (114.2) is applicable to any fluc- 
tuations, small or large (a large fluctuation here meaning one in which, for 
example, JE is comparable with the energy of the small part of the body, 
though of course still small compared with the energy of the whole body). The 
application of formula (114.2) to small fluctuations (which are those gener- 
ally occurring) leads to the following results. 

Expanding AE in series, we obtain (cf. §21) 


(114.2) 


AE—TAS+PAV = 55 SF (ASP+2 ee, ASAV+ spare |. 


It is easily seen that this expression may be written as 


j [454 (55 ae + AVA (57). | = ASAT—APAY). 


Thus we obtain the fluctuation probability (114.2) in the form 
APAV—ATAS 


(114.3) 


w~ exp ( Yi 


From this general formula we can find the fluctuations of various thermo- 
dynamic quantities. Let us first take V and T as independent variables. Then 


as aS OP 
4s = (57) ar+ (sy) AV = F4T+ (én), AY, 


_ (eP aP\ 
4p = (57) aT+(sy)_ AV: 
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see (16.3). Substituting these expressions in the exponent in formula (114.3) 
we find that the terms in 4VAT cancel, leaving 


w~ exp {- aa (AT)?+ at (sr), 4 vy. (114.4) 


This expression separates into two factors, one depending only on AT and the 
other only on AV. In other words, the fluctuations of temperature and of 
volume are statistically independent, so that 


ATAV = 0. (114.5) 


Comparing successively each of the two factors of (1 14.4) with the general 
formula (112.5) for the Gaussian distribution, we find the following expres- 
sions for the mean square fluctuations of temperature and volume: 


(4T}? = T2/C,, (114.6) 
(AV)? = —T(OV/OP)r. (114.7) 


These quantities are positive by virtue of the thermodynamic inequalities 
C, > Oand (OP/dV), < 0. 
Let us now take P and S as the independent variables in (1 14.3). Then 


AV = (sr) aP+ (55) AS, 
S P 


oP os 
oT oT T oT 
AT = (5s) AS+ (5) AP = = AS+ (se) AP. 
dS)» oP). C, OP) 
From the formula dW = TdS+V dP, 
| (@V/OS)p = BW/8POS = (T/AP)s, 
and so 
OV oT 
AV = (ap). AP+ (57). AS. 
Substitution of AV and AT in (114.3) gives 
1 (av go Meat 
w~ exp {ar (ap) 4?) ~3¢, 49) }. (114.8) 


As in (114.4), this expression is a product of factors, one depending only 
on 4P and the other only on AS. In other words, the fluctuations of entropy 
and of pressure are statistically independent, so that 


AS AP = 0. (114.9) 


t If T is measured in degrees, (AT)? = kT?/C,. 

{ The statistical independence of the pairs of quantities T, V and S, P is already obvious 
from the following argument. If we take x, = AS and X_ = AV as the x, in the formulae 
in §113, the corresponding X, will be X, = AT/T, X, = —AP/T (see §22). But x,X, = 0 
for i # k according to the general formula (113.7), and this gives (114.5) and (114.9), 
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For the mean square fluctuations of entropy and pressure we find 
(4S)? = C,, (114.10) 
(AP)? = —T(OP/OV)sz. (114.11) 


These formulae show that the mean square fluctuations of additive thermo- 
dynamic quantities (volume and entropy) are proportional to the dimensions 
(the volume) of those parts of the body to which they relate. Accordingly the 
root-mean-square fluctuations of these quantities are proportional to the 
square root of the volume, and the relative fluctuations are inversely propor- 
tional to this square root, in complete agreement with the general results in 
§2 (formula (2.5)). But for quantities such as temperature and pressure the 
r.m.s. fluctuations themselves are inversely proportional to the square root 
of the volume. 

Formula (114.7) determines the fluctuation of the volume of some part of 
the body, containing a certain number N of particles. Dividing both sides by 
N?, we find the volume fluctuation per particle: 

Pa VEPaE ART T (ov 

(VINE = — 5s (ap) : (114.12) 
This fluctuation must obviously be independent of whether we consider it for 
constant volume or for constant number of paiticles. From (114.12) we can 
therefore find the fiuctuation of the number of particles in a fixed volume in 
the body. Since V is then constant, we must pat 4(V/N) = VA(1/N) = 
= —(V/N*)AN. Substitution in (114.12) gives 


(AN)? = —(TN2/V2)(0V/OP)r. (114.13) 


For certain calculations it is convenient to write this formula in a different 
form. Since the derivative (OV /OP),7 is regarded as taken with N constant, we 


write 
_ NP (eve -n(2=X 
7 (SP) y 7 (sp aa 


The number of particles N, as a function of P, T and V, must be of the form 
N = Vf(P, T), as shown by considerations of homogeneity (cf. §24); that is, 
N/V is a function of P and T only, and it therefore does not matter whether 
N/V is differentiated at constant N or constant V. Hence we can write 


oN 0 oN N (oN 
"(ae 7) ye” "(BP 7), > ¥ (er) 
oP V oP V),, V\OP),, 


T,N 
eM (EEN gs ( 
(57), Vv (52), i au). v 
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where we have used the equation N/V = (OP/du)7, y, which follows from 
formula (24.14): dQ = —VdP = —SdT—N du. Thus we have for the 
fluctuation of the number of particles the formulat 


(AN)? = T(ON/Ou)z, y. (114.14) 


A body is characterised not only by the thermodynamic quantities consid- 
ered above but also by the momentum P of its macroscopic motion relative 
to the medium. In a state of equilibrium there is no macroscopic motion, i.e. 
P = 0. Motion may, however, result from fluctuation; let us determine the 
probability of such a fluctuation. The minimum work Ruin 10 this case is 
simply equal to the kinetic energy of the body: Ruin = P?/2M = 4M?v?, 
where M is its mass and v = P/M the velocity of the macroscopic motion. 
Thus the required probability is 


w~ em Mvi/2T, (114.15) 


It may be noted that the fluctuations of velocity are statistically independent 
of those of the other thermodynamic quantities. The mean square fluctuation 
of each Cartesian component of the velocity is equal to 


(Av,)? = T/M, (114.16) 


and is inversely proportional to the mass of the body. 

The foregoing formulae show that the mean square fluctuations of such 
quantities as energy, volume, pressure and velocity vanish at absolute zero 
(as the first power of the temperature). This is a general property of all thermo- 
dynamic quantities which also have a purely mechanical significance, but is 
not in general true of such purely thermodynamic quantities as entropy and 
temperature. 

Formula (114.6) for the fluctuations of temperature can also be interpreted 
from a different point of view. As we know, the concept of temperature may 


+ This formula can also be easily derived directly from the Gibbs distribution. According 
to the definition of the mean value, 


N=eIT Vy Ne&NT S om FnvlT. 
a 
Differentiation of this expression with respect to Lt (for constant V and T) gives 


oN 1 QT ( 62 y/T = [T _ 1 02 

aes Nt+N =) eFax (Wein aa) 
oun =6T py Ou ps iT Ou 

But 02/du = —N, and so 

Sn =p E-NY) = 4 NY, 


which gives (114.14). 
We could also use the Gibbs distribution to derive expressions for the fluctuations of the 
other thermodynamic quantities. 
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be introduced through the Gibbs distribution; it is then regarded as a para- 
meter defining this distribution. As applied to an isolated body, the Gibbs 
distribution gives a complete description of the statistical properties, except 
for the inaccuracy that it leads to very small but non-zero fluctuations of the 
total energy of the body; these cannot in fact exist (see the end of §28). Con- 
versely, if the energy is regarded as a given quantity, we cannot assign a defi- 
nite temperature to the body, and we must suppose that the temperature 
undergoes fluctuations in accordance with (114.6), where C, denotes the spe- 
cific heat of the body as a whole. This quantity (114.6) obviously describes 
the accuracy with which the temperature of an isolated body can be defined. 


PROBLEMS 


PROBLEM 1. Find the mean square fluctuation of the energy (using V and T as inde- 
pendent variables). 


SOLUTION. We have 

AE = (SF), 4”+ (sr), AT = [r (FF) : 

Squaring and averaging, we obtain 
ar = -[r (Gf) -r]7 (9) ar 

PROBLEM 2. Find (AW)? (with variables P and S). 
SOLUTION. (AW)? = —TV*(OP/@V),+ TC. 
PROBLEM 3. Find AT AP (with variables V and T). 
SoLution. AT AP = (T?/C,)(@P/8T) y. 
PROBLEM 4. Find AV AP (with variables V and T). 
SoLuTion. 4V AP = —T. 
PROBLEM 5. Find 4S AV (with variables V and 7). 
SoLution. 4S 4V = (6V/8T)pT. 
PROBLEM 6. Find AS AT (with variables V and T). 
SOLUTION. AS AT = T. 


PROBLEM 7. Find the mean square fluctuation deviation of a simple pendulum suspended 
vertically. 


-P| AV+-C, AT. 


SOLUTION. Let / be the length of the pendulum, m its mass, and ¢ the angle of deviation 
from the vertical. The work R,,,, is here just the mechanical work done against gravity in 
the deviation of the pendulum; for small ¢, R,,,, = 4 mg-ld?. Hence 


dp? = T/mel. 
PROBLEM 8. Find the mean square fluctuation deviation of the points of a stretched 
string. 
SoLuTION. Let / be the length of the string, and F its tension. Let us take a point at a 
distance x from one end of the string, and let y be its transverse displacement. To deter- 
mine y? we must consider the equilibrium form of the string when the displacement y of 
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the point x is given; this consists of two straight segments from the fixed ends of the string 
to the point x, y. The work done in such a deformation of the string is 


Ray = FIV (2+ y)—x]+ FLV {U—x)?+9}—(I-)] = $F (Gti): 


Thus the mean square is 
y? = (T/F)x(—x). 


PROBLEM 9. Determine the mean value of the product of the fluctuation displacements 
of two different points of the string. 

SOLUTION. Let y,, 2 be the transverse movements of points at distances X4, X_ from one 
end of the string (with x, > x,). The equilibrium form for given y,, y. consists of three 
straight segments, and the work is 


Xe I—x 
Rain — F( ec eo, + 2 2 Ss a, 2 F 
i 4 yi X4(%2—X}) ye (l= x2)(X2—X)) Vive Xe—X, 


from formula (113.8) we then have 


V2 = (T/FIx,(1- x2). 


§115. Fluctuations in an ideal gas 


The mean square fluctuation of the number of particles within some rela- 
tively small volume in an ordinary ideal gas is found by substituting V = 
= NT/P in formula (114.13). This gives the simple result 


(AN)? = N. (115.1) 


The relative fluctuation of the number of particles is therefore just the recip- 
rocal square root of the mean number of particles: 


VIAN] _ 1 
NWN’ 

In order to calculate the fluctuation of the number of particles in an ideal 
Bose or Fermi gas, we must use formula (114.14), with the expression (55.5) 
substituted for N as a function of y, T, V, obtained by integrating the corre- 
sponding distribution function. We shall not pause to write out here the fairly 
lengthy expressions which result, but simply note the following point. We 
have seen that, in a Bose gas at temperatures T < Tp (see §59), the pressure 
is independent of the volume, i.e. the compressibility becomes infinite. Accord- 
ing to formula (114.13) this would imply that the fluctuations of number of 
particles also become infinite. This means that, in calculating fluctuations in 
a gas obeying Bose statistics, the interaction between its particles cannot 
be neglected at low temperatures, however weak this interaction may be. 
When the interaction, which must exist in any actual gas, is taken into account, 
the resulting fluctuations are finite. 

Next, let us examine fluctuations in the distribution of the gas particles 
over the various quantum states. We again consider the quantum states of the 
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particles (including different states of their translational motion); let n, be 
their occupation numbers. 

Let us consider an assembly of n, particles in the Ath quantum state. Since 
this set of particles is statistically independent of the remaining particles in 
the gas (cf. §37), we can apply formula (114.14) to it: 


ne = 7 OMe, (115.2) 
Op 
For a Fermi gas we must substitute 
— 1 
Mh Celt + 1” 
The differentiation gives 
(An,)? = n,(1—n,). (115.3) 
Similarly, for a Bose gas 
(An,)? = ny(1 +p). (115.4) 
For a Boltzmann gas the substitution n, = e“~*!T naturally gives 
(An,)? = m, (115.5) 


which is obtained from both (115.3) and (115.4) when n, < 1. 

Summation of (115.3) or (115.4) over a group of G; neighbouring states 
containing altogether N; = >. n, particles gives, by virtue of the statistical 
independence (already mentioned) of the fluctuations of the various f,, 


(AN,)? = Gjnj(1 nj) = Nj FN;/G)), (115.6) 


where n. n, is the common value of the neighbouring n,, and N; = =n, n,G). 

These formulae can be applied, in particular, to black- body radiauion (an 
equilibrium Bose gas of photons), for which we must put » = 0 in (115.4). 
Let us consider the set of quantum states for the photon (in a volume V) with 
neighbouring frequencies in a small interval 4w;. The number of such states 
is G; = VoiAw,/n*c3; see (60.3). The total energy of the quanta in this fre- 
quency interval is Ey, = Nf; Multiplying (115.6) by (fw,)* and omitting 
the suffix j, we obtain the following expression for the fluctuation of the 
energy E,,, of black-body radiation in a given frequency interval Jw: 


(AE dw)? = ho: E4y+TPC(E 4u)*/ Vo do, (115.7) 
a relation first derived by A. EINSTEIN (1924). 


PROBLEM 


Determine (AN ? for an electron gas at temperatures much lower than the degeneracy 
temperature. 
SOLUTION. In calculating (0N/O“)r, y we can use the expression (56.3) for 4 at absolute 
zero. A simple calculation gives 
——. 3838mT (N \1/3 
(AN)? = Pr Ir (>) i 
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§116. Poisson’s formula 


Knowing the mean square fluctuation of the number of particles in a given 
volume of gas (115.1), we can write down the corresponding Gaussian proba- 
bility distribution for fluctuations in this number of particles: 


(N—N/P 


1 


This formula is, however, valid only for small fluctuations: the deviation 
N—N must be small compared with the number N itself. 

If the volume selected in the gas is sufficiently small, the number of parti- 
cles in it is small, and we may also consider large fluctuations, where N—N 
becomes comparable with N. This problem is meaningful only for a Boltz- 
mann gas, since in a Fermi or Bose gas the probability of such fluctuations 
can become appreciable only in volumes so small that quantum fluctuations 
become important. 

The solution of this problem is most simply found as follows. Let Vo and 
No be the total volume of the gas and the number of particles in it, and Va 
part of the volume, small compared with Vo. Since the gas is uniform, the 
probability that any given particle is in the volume V is obviously just the 
ratio V/Vo, and the probability that N given particles are simultaneously pres- 
ent in it is (V/Vo)%. Similarly, the probability that a particle is not in the 
volume V is (Vp—V)/Vo, and the same probability for No—N given particles 
simultaneously is [(Vo—V)/Vo]%°-™. The probability wy that the volume V 
contains N molecules in all is therefore given by 


_ Ne! V\N 7 V\No-N 
"= wewo=w(7a) (Im) > 163 


where a factor has been included which gives the number of possible ways of 
choosing N out of N, particles. 

In the case under consideration, V< Vo, and the number N, though it may 
differ considerably from its mean value N , is of course assumed small com- 
pared with the total number Np of particles in the gas. Then we may put 
No! = (No—N)!N\ and neglect N in the exponent No—N, obtaining 


ee _ 1 (NoV\N a a 

v=m(%) (m7) 

But NoV/Vo is just the mean number W of particles in the volume V. Hence 
N* N\No 
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Finally, using the well-known formula 


lim (1 — al = e-*, 
n 


N—> oo 


we replace (1 —N/No)*° with No large by e~ and obtain the required proba- 
bility distribution in the formt 
NNe-N 
This is called Poisson’s formula. It is easily seen to satisfy the normalisation 
‘ condition 


From this distribution we can calculate the mean square fluctuation of the 
number of particles: 


co oo NNN _ = NN a NN 
N2 = Niws, = eo N av BN -N 
2% Nin =¢ Wap =o" A Wop te” & ani 
= N2+4N. 


Hence we find as before 
(AN)? = N2—N?2 = N, (116.4) 


and the mean square fluctuation of the number of particles is equal to N for 
any value of N, and not only for large values. 

We may note that formula (116.3) can also be derived directly from the 
Gibbs distribution. According to the latter, the distribution of N gas parti- 
cles, considered simultaneously, among various quantum states is given by 
the expression exp {(2+uN—)'e,)/T}, where Ye, is the sum of the energies 
of the individual particles. To derive the required probability wy we must sum 
this expression over all particle states “belonging” to a given volume V. If we 
sum over the states of each particle independently, the result must be divided 
by NM! (cf. §41), giving 


onl IS ele—eIT\N 
— —é 
Wn =H (2 elu & ) : 
k 
The sum is just the mean number of particles in the volume considered: 


> e(4-%)/T — N. 
k 


t For small fluctuations (IN—N| « N with W large), this formula naturally becomes 
(116.1). This is easily seen by using STIRLING’s asymptotic expression for the factorial of 
a large number N, N! = «/(2nN)-N*e—*, and expanding log w, in powers of N—N. 
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Thus we find 
Wy = constant XN/N!, 


and the normalisation condition then shows that the constant is e-,* giving 
again formula (116.3). 


§117. Fluctuations in solutions 


The fluctuations of thermodynamic quantities in solutions can be calculat- 
ed by the same method as that used in §114 for fluctuations in bodies consist- 
ing of identical particles. The calculations are considerably simplified by the 
following argument. 

Let us take some small part of the solution, containing a given number N 
of solvent molecules, and try to calculate the mean fluctuation of the number 
n of solute molecules in that part of the solution or, what is the same thing, the 
fluctuation of the concentration c = n/N in that part. To do so, we must 
consider the most complete equilibrium of the solution that is possible for 
a given non-equilibrium value of n; cf. the first footnote to §113. Taking a 
given value of the concentration does not affect the establishment of equilib- 
rium between the small part considered and the remainder of the solution as 
regards exchange of energy between them or change in their volumes. The 
former means (see §9) that the temperature remains constant throughout the 
solution; the latter means that the pressure remains constant throughout the 
solution (§12). Thus to calculate the mean square (Ac), it is sufficient to con- 
sider the fluctuations of concentration occurring at constant temperature and 
pressure. 

This fact in itself signifies that the fluctuations of concentration are statis- 
tically independent of those of temperature and pressure, i.e.t 


ATAc=0, <AcAP=0. (117.1) 


The minimum work necessary to change the number z by 4n at constant press- 
ure and temperature is, by (98.1), Ryi, = 4@—p’An, where p' is the chem- 
ical potential of the solute. Expanding 4@ in powers of An, we have 


~ (&P ow) ee re ae 2 
v0 = (5), one (GE), Hear wane, ac 


t That is, 2 = —PV = —NT, in accordance with the equation of state of an ideal gas.. 
t This may be more rigorously proved by the method indicated in the third footnote to 
§114. Using the formula dE = TdS—PdV-+ p'dn (with N constant), we can rewrite (98.1) as 


ARnin = (T—T>) dS—(P—Po) dV+(w’ — eo) dn. 
Thus, if we take x, = AS, x. = AV, x3 = An, the corresponding X; are X, = AT/T,, 
X, = —AP/T, X; = Ap’/T. The equations (117.1) then follow, since x,X, = 0, x3X2 = 0. 
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and hence 
Ou’ 
Ru = +(F, (An)?. 
min on a - 


Substituting this expression in the general formula (114.1) and comparing 
with the Gaussian distribution formula (112.5), we obtain for the required 
square of the fluctuation of the number 2 


eet T 
Any = , (117.2) 
("= Gu onde, 1 
or, dividing by N2, for the mean square fluctuation of concentration 
(Ac)? = Tr (117.3) 


N(Ou'/0c)p, T 


The latter expression is inversely proportional to the amount of matter (4) in 
the small part considered, as it should be (see the discussion following 
(114.11)). 

For weak solutions, du'/On = T/n, and formula (117.2) gives 


(Any = n. (117.4) 


It should be noticed that there is a complete analogy (as was to be expected) 
with formula (115.1) for the fluctuations of the number of particles in an ideal 
gas. 


§118. Correlations of fluctuations 


The statement that in a homogeneous isotropic substance (gas or liquid) all 
positions of the particles in space are equally probable applies to any given 
particle on condition that all other particles can occupy arbitrary positions, 
and is not, of course, in contradiction with the fact that the interaction between 
different particles must in fact cause some correlation in their positions. The 
latter means that, if we consider, say, two particles simultaneously, then for 
a given position of one particle the various positions of the other will not be 
equally probable. 

To simplify the formulae below we shall consider only a monatomic sub- 
stance, in which the position of each particle is fully determined by its three 
co-ordinates. 

Let n dV denote the number of particles present in a volume element dV at 
a given instant. Since dV is infinitesimal, it cannot contain more than one 
particle at a time; the probability of finding two particles in it at once is an 
infinitesimal quantity of a higher order. The mean number of particles 7 dV 
is therefore also the probability that a particle is present in dV. 
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Let us consider the mean value 


(11—m)(12—N2) = nyna—(A)?, (118.1) 


where 7, and ng are the particle number densities n(r) at two different points in 
space, and # denotes the mean density, which is the same at every point 
(n, = Ny = 7) owing to the homogeneity of the body. If there were no correla- 
tion between the positions of different particles, we should have n,n, = n,-n, = 
(#)?, and the mean value (118.1) would be zero. Thus this quantity can serve 
as a measure of the correlation. 

Let ny2 dV2 denote the probability that there is a particle in the volume 
element dV2 when there is one in dV1; mye is a function of the magnitude 
r = |re—ri| of the distance between the two elements. 

Since, as already mentioned, the number 7 dV is 0 or 1, it is evident that 
the mean value 

ny dV iene dV, => ny dV i-n12 dV2, 
or 


aye = Nyon. 


In this relation, valid when r; # re, we cannot, however, go to the limit 
rg ~ 1, since the derivation ignores the fact that, if the points 1 and 2 coin- 
cide, a particle in dV; is also in dV2. A relation which takes account of this 
is Clearly 

Nyne = finie+Hd(t,—11). (118.2) 


For let us take a small volume AV, multiply (118.2) by dV; dV, and integrate 
over AV. The term finiz then gives a second-order small quantity (propor- 
tional to (AV)?); the term containing the delta function gives AV, i.e. a first- 
order quantity. Thus we obtain 


7 ne 
n om) = AnAV, 


(| 


AV 


as we should, since only 0 or 1 particle can be in the small volume, as far as 
first-order quantities. Substitution of (118.2) in (118.1) gives 


(m1—11)(%12—n2) = Ad(r2—411) +Ar(r), (118.3) 
where 
w(r) = ne—n (118.4) 


is a function called the correlation function. It is evident that the correlation 
must tend to zero when the distance r increases to infinity: 


W(co) = 0. (118.5) 
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Let us now consider a finite volume V in the body, multiply equation (118.3) 
by dV, dV» and integrate over V, and Ve. Since 


| om av, = | oom av, = N—N = AN, | 


where N is the total number of particles in the volume V (so that AV = N), 


we find 
2 
{| wr) dV, dV_ = a —V. 


Changing from the integration over Vi and V» to one over Vi, say, and the 
relative co-ordinates r = rg—r, (the product of whose differentials we denote 
by dV), and bearing in mind that v depends only on r, we have finally the 
following expression for the integral of the correlation function: 


| ydV = ee i (118.6) 


Thus the integral of the correlation function over a certain volume is 
related to the mean square fluctuation of the total number of particles in that 
volume. Using for the latter the thermodynamic formula (114.13), we can 
express the integral in terms of the thermodynamic quantities: 


TN /aV 
[rar -7 (Sp) _-! (118.7) 


In an ordinary (classical) ideal gas this gives { » dV = 0, as it should: it is 
evident that in an ideal gas treated by classical mechanics there is no correla- 
tion between the positions of different particles, since the particles of an 
ideal gas are assumed not to interact with one another. 

On the other hand, in a liquid (at temperatures not close to the critical 
point) the first term in (118.7) is small compared with unity, because the 
compressibility of a liquid is small. In this case we can write j vdV x —1., 
This value of the integral of the correlation function corresponds in a sense 
to the mutual impenetrability of the liquid particles, regarded as closely 
packed solid spheres. 

Next, let us multiply both sides of (118.3) by e7#* = e-ik(™-m) ang 
again integrate over V; and V». The result is 


=> 


| (11—7)(n2—A)e® 1-1) dV, dV_ = nen ve-ik-r dV, 


or 


| (n—n)e-*k-t dV 


2 
= av (1+ vere dV), (118.8) 


This relation gives the Fourier components of the correlation function in 
terms of the mean squares of the Fourier components of the density n. 
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§119. Fluctuations at the critical point 


At the critical point, the compressibility (0V/OP), and the specific heat 
C, of a substance become infinite (§84). The expressions (114.7) and (114.10) 
for the fluctuations of volume (i.e. of density) and of entropy likewise form- 
ally become infinite, but the fluctuations of temperature and of pressure 
remain finite. This means that at the critical point the fluctuations of density 
and entropy become anomalously large, and to calculate them Rip in for-— 
mula (114.1) must be expanded as far as terms of a higher order of smallness 
than the second-order terms, which in this case vanish.’ Here we shall discuss 
in detail the fluctuations of density near the critical point (ORNSTEIN and 
ZERNIKE 1917). 

Since the fluctuations of density and temperature are statistically independ- 
ent, the temperature may be regarded as constant in considering the fluctua- 
tions of density. The total volume of the body is also constant, by definition. 
Under these conditions the minimum work Rpj, is equal to the change 
AF, in the total free energy of the body during the fluctuation, so that the 
probability of the fluctuation may be written as 


w~ e~4FUT, (119.1) 


The total free energy of the body can be written as the integral F, = f Fdv 
over the whole volume of the body, F denoting the free energy per unit 
volume. Let F be the mean value of F, constant throughout the body. The 
fluctuation causes F to vary from point to point in the body, like the density, 


and 
AF, = [e-n dV. (119.2) 


Let the particle number density be 7, its mean value #, and let us expand 
F—F in powers of n—n at constant temperature. 

The first term of the expansion is proportional to n—f and gives zero on 
integration over the volume, since the total number of particles in the body 
is constant: fn dV = { 7 dV. The second-order term is of the form 4a(n — 7)’, 
the positive coefficient a becoming zero at the critical point itself and being a 
small quantity near that point.t The coefficient in the third-order term 1S 
also small near the critical point (since both OP/dn and 0?P/dn? are zero at 
that point), and so the fourth-order term would have to be taken into account. 


t The same is true of the fluctuations of concentration in solutions: at points on the 
critical line, (Ou‘/Oc)p, 7 = 0 (§98), and the expression (117.3) becomes infinite. 
t The derivative (QF/6n)z is the chemical potential, and so the second derivative is 


o- (22), - (2), - 2%), 
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In fact, however, the expansion of F—F contains terms of another type which 
are larger. 

The reason is that so far we have always considered the thermodynamic 
quantities for homogeneous bodies. In an inhomogeneous body, the expan- 
sion of F may contain not only various powers of the density itself, but also 
those of its successive derivatives with respect to the co-ordinates. Because of 
the isotropy of the body, the first derivatives can appear in the expansion in 
terms of density only through the scalar combination (vn), and the second 
derivatives only in the Laplacian An. The integral over the volume of a term 
constant X An becomes an integral over the surface of the body, and repre- 
sents a surface effect of no importance here. The integral of a term nAn is 
equivalent to that of (vn)?. Thus without loss of generality we can put 


F—F = 4a(n—A)?+40(9n)?, (119.3) 


where b is a positive constant; if b < 0 the free energy could not have a 
minimum corresponding to m = constant. The quantity b need not be zero 
at the critical point and so is not small near that point. 

The calculation of the mean fluctuations of density in particular small 
regions of the body is of relatively little interest; since (119.3) includes a 
term in the derivatives of the density, these fluctuations will depend on the 
shape of the region as well as on its size.t The problem of the fluctuations 
of the Fourier components of density near the critical point is of much 
greater interest. 

Let us expand n—n as a Fourier series within the volume V of the body, 
writing it as 

n—-ii = VY n,eikr; (119.4) 
k 


the components of the vector k take both positive and negative values, and 
the coefficients 


nh = 7 | (Aerie dV 


are related by n_, = ,*, which follows from the fact that n—7n is real. 
Substituting (119.4) in (119.3) and integrating over the volume, we have 


AF, = 4V> (a+ bk?) | ny [2. (119.5) 
k 


Each term in this sum depends on only one of the n,; the fluctuations of 
the different m, are therefore statistically independent. Each square |n,|? 


t At the critical point itself a = 0, and only the second term remains in (119.3). If the den- 
sity undergoes a fluctuation in a region of linear dimensions ~l, then F—F ~ b[(n—n)/I}? 
and AF, ~ b(n—n)?/. The mean square fluctuation of density is therefore inversely propor- 
tional to /: (dn)? ~ 1/l, i.e. inversely proportional to the cube root of the volume of the 
region, whereas away from the critical point the mean square fluctuation of density de- 
creases in inverse proportion to the volume itself. 
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appears in the sum (119.5) twice (for +k), so that the probability distribution 
for its fluctuations is 


w~ exp — 7 (a+ bk) | Pt. 


Since |, |? is the sum of the squares of two independent quantities (n,, being. 
complex), we therefore find as the required mean square fluctuation 


[my |? = T/V(atbk?). (119.6) 


It should be emphasised that these formulae are applicable only when the 
magnitude of the wave vector k is not too large; otherwise, the expansion 
(119.3) can not be restricted to terms containing only the lowest derivatives 
of the density with respect to the co-ordinates. 

The result derived above enables us to calculate the correlation function 
(r) (§118) near the critical point. According to the general formula (118.8) 
we have 


[vert ay =F Tm 1 


T 


= Flatbey | 


The first term on the right is in general large compared with unity, since. 
both a and k are assumed small. We can therefore write 


[res dV = T/n(a+ bk?), (119.7) 
and hence, by an inverse Fourier transformation, obtaint 
T 1 
= — .— eV (a/b)r 
v(r) dnb 7° ; (119.8) 


The coefficient of r in the exponent is small, since a is small. At the critical 
point, a = 0, and so the exponential factor becomes equal to unity: 


T 1 
Kr) = To. (119.9) 
T If 
i ge EF dV = An(u?-+k?), (1) 
the function ¢ is 
p = er, (2) 


This is most simply seen by noting that the function (2) satisfies the differential equation 
AP—xh = —4nd(r). 


Multiplying both sides of this equation by e~‘™-T and integrating over all space (using a 
Tepeated integration by parts in the first term on the left), we obtain (1). 
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Thus near the critical point the correlation between the positions of different 
particles in the substance decreases very slowly with increasing distance, i.e. 
becomes much stronger than under ordinary conditions, where it is practically 
zero even at intermolecular distances. 

Concerning the whole theory of fluctuations near the critical point as given 
in this section, the same reservation must be made as in §84: the proofs given 
here assume that there is no important singularity in the thermodynamic 
quantities at the critical point, and there can therefore be no certainty that 
the results obtained are correct. 


§120. Correlations of fluctuations in an ideal gas 


As already mentioned in §118, in a classical ideal gas there is no correlation 
between the positions of the various particles. In quantum mechanics, how- 
ever, such a correlation exists because identical particles in an ideal gas 
“interact” indirectly owing to the principle of symmetry of wave functions. 
Correlations in a Fermi gas were first considered by V. FURSOV (1937), and 
those in a Bose gas by A. GALANIN (1940). 

To simplify the formulae below we shall at first assume that the particles 
have no spin. Taking account of spin will not essentially affect the results. 

The problem of calculating the correlation function can be most simply 
solved by the second quantisation method. In accordance with this method 
we define the normalised wave functions 


Ve = — eikr, (120.1) 


V/V 
which describe states of a gas particle moving freely in a volume V with 
momentum p = Ak; in this section the wave vectors k will be used instead of 
the momenta p. For a finite volume V the wave vector k takes an infinite set 
of discrete values, the intervals between which are very small, however, when 
V is sufficiently large. 

Next, we define operators 4d, and 4,* which respectively decrease and 
increase by unity the numbers n, of particles in the various quantum states 
W,, and the operators 


Mr) = Lelra,  P*() = Leta 


which respectively “remove”? and “add” one particle at the point r in the 
system. The operator 2+ (rr) dV is the operator of the number of particles 
with co-ordinates in dx dydz = dV. Hence Y+Y can be regarded as an 


t See Quantum Mechanics, §§64, 65. 
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operator 7, which in the second quantisation method represents the density 
of distribution of the gas particles in space: 


ii 
— py Oy Ge Px* py. (120.2) 


Here the summation with respect to k and k’ is over all their possible 
values. It is easy to see that the “diagonal” terms of the sum (k = k’) give 
just the mean density n. For, since the operator 4,,‘d, is simply the number 
n, of particles in the quantum state considered, and from (120.1) | y, |? = 1/V, 


these terms are equal to 
aA A 1 
dot a | Pe |? = 7 mk =N/V =n, 
k k 


where N is the total number of particles in the volume V. 
We can therefore write 


ni -—i = 3 >: at aye Va Yr’, (120.3) 
k k’ 


where the prime to the summation sign denotes that the term with k’ = k is 
to be omitted. Using this expression, we can easily calculate the mean value 
required, (”1—7)(n2—7). 

This mean value is calculated in two stages. First of all, the quantum 
averaging, i.e. that with respect to the quantum states of the particles, is 
to be carried out. This amounts to taking the corresponding diagonal matrix 
element of the quantity concerned. Multiplying together the two operators 
(120.3) which belong to two different points r; and re, we obtain a sum of 
terms containing various products of the operators 4, and 4,* taken four at 
a time. But among these products only those which contain two pairs of 
operators d,, d,* with the same suffix have diagonal matrix elements, i.e. 
the relevant terms are 


DY dt derdr*auyn* (ra)yu (vw *(ta) pCa). (120.4) 
These terms are diagonal matrices, and 
Aga? =1lEmye,  ayt dy = ny; 


here and henceforward the upper sign refers to the case of Fermi statistics 
and the lower sign to that of Bose statistics. Substituting also the functions 
px from (120.1), we obtain 


eB LY UF My)mele¥ terry, 
k k’ 
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This expression must now be averaged in the statistical sense, i.e. over the 
equilibrium distribution of the particles among the various quantum states. 
Since particles in different quantum states behave quite independently of one 
another, the numbers n, and n,, are averaged independently, i.e. 


(1 Fy), = (1 F ye) ny. 


The mean values n, are determined by the Fermi or Bose distribution func- 
tion. 


Thus we obtain the following expression for the required mean value: 
CMA) = Je TY! Fim) meeKH), (120.5) 
Kk k 


Since, when the volume V is not too small, the wave vector k takes a 
practically continuous series of values, we can change from summation to 
integration, multiplying the expression (120.5) by 


Vdek Vdsk' — 
(2x)8 " (2n)> 


The integral form of (120.5) separates into two parts: the first ist 


iE | | net(K-k’)(te—n1) 8k! d3k 


1 a 
= (20)8 (re oa r1) | nk d3k = nO(Te = 1). 


This is just the first term in (118.3). The correlation function (the second term 
in (118.3)) is therefore 
w(r) = Time {| et(k—k’) «ry, ny dk d3k’ 


(120.6) 


oe te 
Tas | etk ty), d3k 


If the spin of the particles is taken into account throughout, formula (120.2) 
for the operator of the number density of particles in space must be written as 


A= YY DY Giot AurctPuo* Pres 
o k Kk 


where o is the spin projection. Accordingly the expression (120.4) must also 
be summed over the spin variable o, and the right-hand sides of formulae 


t Here we use the formula 


| eik-Fasy — (22)38(r). 
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(120.5) and (120.6) are therefore multiplied by g = 2s+1, with n, the mean 
number of particles in the quantum state with a given value of 9, i.e. 


— 1 
Mh = SEITE] 


(120.7) 


Thus we have finally the following formula for the correlation function: 


- g eiker d3k 2 
wr) = ¥ Fame | seare (120.8) 
Integration over the directions of k gives 
gs | f sinkr-k dk |? 
v(r) = + Anta? | ee y | : (120.9) 


0 


We may also state a formula for the mean squares of the Fourier compo- 
nents of the density fluctuations; this is easily obtained by substituting 
»(r) from (120.8) in the general formula (118.8), and integrating over the 
co-ordinates: 


fats ns = gV (— 
[f@-meera7| = cans | F ny +2) dk. (120.10) 


Formula (120.8) shows first of all that in a Fermi gas »(r) < 0, but in a 
Bose gas »(r) > 0. In other words, in a Bose gas the presence of a particle at 
some point increases the probability that another particle is near that point, 
i.e. the particles “attract”? one another; in a Fermi gas they correspondingly 
“repel”? one another (cf. the end of §55). 

If we go to the limit of classical mechanics (A — 0), the correlation function 
tends to zero in accordance with the discussion at the beginning of this 
section; for, as # + 0, the frequency of the oscillating factor e**™ = etP-r/? 
in the integrand in (120.8) increases without limit and the integral tends to 
zero.t 

As r ~ 0 the function »(r) tends to a finite limit: since 


Gay | ee 


(0) = FA/g. (120.11) 


Let us apply the formulae derived above to a degenerate Fermi gas at 
absolute zero. In this case the distribution function m, = 1 for k < ko and 0 
for k > ko, where ko = po/h = (6n2n/g)"? is the limiting momentum of the 


(120.8) shows that 


t To avoid misunderstanding (since it might seem that # does not appear in (120.8) and. 
(120.9)) it must be remembered that ¢ = p?/2m = f?k?/2m. 
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Fermi distribution. We therefore have from (120.9) 
Ro 
| k sin kr-ak 


2 


Wr) = ~ aes 


We shall consider only distances which are greater than a certain value, 
assuming in fact that kor > 1. Accordingly, we retain only the term in the 
lowest power of 1/r in the integral, obtaining 


wr) = — — cos? Kor. (120.12) 
0 


If the rapidly varying squared cosine is averaged, this gives 


3 


Thus the correlation function decreases inversely as the fourth power of the 
distance. 


PROBLEMS 


PROBLEM 1. Determine the mean squares of the Fourier components (with small wave 
vectors) of the fluctuations of density in a Fermi gas at absolute zero. 


SoLuTION. The integrand in (120.10) is non-zero (and equal to unity) only at points 


where Tk = 1, mx+2¢ = 0, ie. points in a sphere of radius k, centred at the origin which 
at the same time are not in a sphere of the same radius centred at f. A calculation of the 
volume of this region when f « ky gives 


| n-ne ay | = are V = 3fN/4k. 


PROBLEM 2. Determine the correlation function for a Fermi gas at temperatures small 
compared with the degeneracy temperature. 


SoLuTIon. In the integral in (120.9) we put « & & = A?k?/2m and transform it as 
follows: 


fe. | ksinkr-dk _ 2 Gh cos kr-dk 
a : eff f0)/T 4 7 < @r 4 ef€-eo)/T 4 


fo) fas 1 
Peta Fy (ener Vo 
r r (saat 
k=0 


With the variable x = 42k, (k—k,)/mT, taking into account the smallness of T and the 
rapid decrease of the integrand as | x| increases, we can write 


aril. i 
ay: | ia (kor + Axr) d (5) 


oo 


= a) sin kor tier 1 \\ 
-3{ r fe d(szcq)}. 


z>-—0 


370 Fluctuations §121 


where A = mT/f*k . The resulting integral is transformed by the substitution ife*+1) =u 
into EULER’s beta integral, giving | 


I e {7 sin kor ; | 


~ @r Usinh (zAr) 
For distances r » 1/ko, averaging the rapidly varying squared cosine gives finally 
_ 3(mT)?__. | _, (amTr 
ror) = Titkr® sinh ( Wk, ) 


As T > 0 this becomes formula (120.13). 


§121. Correlations of fluctuations in time 


Let us consider a physical quantity which describes a body in thermo- 
dynamic equilibrium, or part of such a body. This quantity will undergo small 
variations in time, fluctuating about its mean value. Let x(t) again denote the 
difference between the quantity and its mean value (so that x = 0). 

There is some correlation between the values of x(t) at different instants; 
this means that the value of x at a given instant ¢ affects the probabilities 
of its various values at a later instant t+. In the same way as for the spatial 
correlation discussed in the preceding sections, we can characterise the time 
correlation by the mean value of the product x(t)x(t+t). The averaging here 
is, as usual, understood in a statistical sense, i.e. as an averaging over the 
probabilities of all possible values of the quantity x at the times ¢ and t+1. 
As has been mentioned in §1, this statistical averaging is equivalent to a time 
averaging — in this case, over the time ¢ for a given value of Tt. 

The quantity thus obtained is a function of t only; let it be denoted by 
P(t): 

g(t) = x(t)x(t+7). (121.1) 
As T increases indefinitely, the correlation clearly tends to zero, and accord- 


ingly the function $(t) likewise tends to zero. 
The Fourier component of the quantity x(t) is defined byt 


1 co 
= Loot 
Xo = 5 | x(t)ei”* dt (121.2) 
and the inverse relation 


x(t) = | Xe?! daw. (121.3) 


+ The integral as written here is in fact divergent, since x(t) does not tend to zero as 
| t| + ec. This is, however, unimportant as regards the formal results derived below, whose 
object is to calculate the mean squares, which are known to be finite. 

The use of the Fourier components in this problem is due to S. M. Rytov. 
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Substituting the latter relation in the definition $(t’—t) = x(t)x(t’), we 
obtain 


oOo © 


ae | | XaXer Cn~H+WYY dey doo’. 


—°co —co 


If this interval is to be a function of the difference t = t’—t only, the integrand 
must contain a delta function of w+’, i.e. we must have 

XoXw = (x?),d(@+0’). (121.4) 
This relation is to be regarded as the definition of the quantity symbolically 
denoted by (x),. Although the quantities x, are complex, (x?),, is clearly 
real. To show this, it is sufficient to note that the expression (121.4) is zero 
except when w’ = —o, and taking the complex conjugate corresponds to 


changing the sign of a, i.e. interchanging w and w’. 
Substituting (121.4) in ¢(v) and integrating over w’, we find 


o(t) = | (x2),e-i* do. (121.5) 


In particular, (0) is just the mean square of the fluctuating quantity, 


x? = [oe do. (121.6) 


We see that the “spectral density” of the mean square fluctuation is just 
(x2),, (or 2(x2), if the integral is taken only over positive values of w). This 
quantity is also, by (121.5), the Fourier component of the correlation func- 
tion. Conversely 


co 


(x2). = - | (t)ei** dr. (121.7) 


By regarding the quantity x(t) as a function of time we have implicitly 
assumed that it behaves classically. The above formulae can, however, easily 
be put in a form applicable to quantum variables also. To do this, we must 
replace x by the quantum operator x(t), with Fourier component 


z, = - | Rt)eivt di. (121.8) 


—co 


The operators x(t) and x(t’) relating to different instants do not in general 
commute, and the correlation function must now be defined as 


P(t’ —t) = FRO) + XC), (121.9) 
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the bar denoting averaging with respect to the exact probabilities given by 
quantum mechanics.t The quantity (x?), is defined by 


FRX + Fo Fa) = (x2),(@ +0’); (121.10) 


the relations (121.5)-(121.7) are then unchanged. 

Let us assume that the quantity x is such that, if it has a definite value 
{considerably different from its mean fluctuation), a definite state of partial 
equilibrium can be described by it. In other words, the relaxation time for 
the establishment of partial equilibrium for a given value of x is assumed to 
be much less than the relaxation time required to reach the equilibrium value 
of x itself. This condition is satisfied by a wide class of quantities of physical 
interest. We shall call the fluctuations of such quantities thermodynamic 
Sluctuations. In the rest of this section and in §§122-124 we shall consider 
fluctuations of this type, and moreover shall assume the quantities x to be 
classical.t - 

We shall also assume in the rest of this section that, as complete equilibrium 
is approached, no other deviations from equilibrium arise in the system which 
would require the use of further quantities to describe them. In other words, 
at every instant the state of the body must be entirely defined by the value 
of x; a more general case will be discussed in §124. 

Let the quantity x(t) have at some instant ¢ a value which is large compared 
with the mean fluctuation. Then we can say that at subsequent instants the 
body will tend to return to the equilibrium state, and accordingly the quantity 
x will decrease. Under the assumptions made above, its rate of change x 
will be at every instant entirely defined by the value of x at that instant: 
x = X(x). If x is still small (compared with its range of possible values), 
then x(x) can be expanded in powers of x, keeping only the linear term: 


dx/dt = —Ax, (121.11) 


where A is a positive constant. 

Let us also define a quantity ¢,(t) as the mean value of x(t) at time ¢+1, 
given that at the preceding instant ¢ it had the value x; this mean value is not 
in general zero. The correlation function (zt) can obviously be written in 
terms of the function é,(t) as 


P(t) = x&,(t), (121.12) 


t It may again be mentioned that, according to the fundamental principles of statistical 
physics, the result of the averaging is independent of whether it is done mechanically over 
the exact wave function of the stationary state of the system or statistically by means of 
the Gibbs distribution. The only difference is that in the former case the result is expressed 
‘in terms of the energy of the body, and in the latter case as a function of its temperature. 

{The final result for thermodynamic fluctuations of a quantum variable differs from 
that for a classical variable only by slight changes in the form of the expressions, discussed 

n §127 (see (127.22)). 
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where the averaging is only over the probabilities of the various values of x 
at the initial instant ¢. 
For values of é, large compared with the mean fluctuation, it follows from 
formula (121.11) that also 
dé,(t)/dt = —2é,(1), (121.13) 


and we must further expect this relation to be true for arbitrary (not neces- 
sarily large) &,(t). Integrating (121.13) we find, since by definition &,(0) = x, 


§.(t) = xe”, 


and finally, substituting in (121.12), we obtain a formula for the time correla- 
tion function: 


(1) = x8e-*, 


It must be remembered, however, that this formula as it stands is valid 
only for t > 0, since in the foregoing derivation (equation (121.13)) it has 
been assumed that the instant t+7 is later than ¢. On the other hand, we 
have identically 


b(t) = x(t)x(t+t) = x(t—1)x(t) = G(—7), 


since this transformation amounts to a simple renaming of the variable (t—t 
instead of t) over which the averaging is performed. Thus ¢(t) is an even 
function of Tt. 

We can therefore write finally 


p(t) = x%e-4 171, (121.14) 


which is valid for both positive and negative t. This function has two different 
derivatives at t = 0, the reason being that we have considered intervals of 
time long compared with the time for establishment of partial equilibrium 
(equilibrium with a given value of x). The consideration of short times, which 
is not possible within the thermodynamic theory, would of course show that 
d@/dt = 0 for t = 0, as must be true for any even function of Tt. 

An elementary integration leads to the following expression for the Fourier 
components of the function ¢(t), as defined by (121.7): 


(x*)» = 


x? being given by (112.4). 

These results can also be written in another form which is often more 
convenient for practical applications. 

The relation x = —Ax for the quantity x itself (rather than its mean value 
&,.) is valid, as already mentioned, only when x is large compared with the 
mean fluctuation of x. For arbitrary values of x we write 


acs” = A/mB(o? + 22), (121.15) 


K= —Ixt+y, (121.16) 
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thus defining a new quantity y(t). Although the magnitude of the oscillations 
of y does not change with time, when x is large (in the sense already defined) 
y is relatively small and may be neglected in equation (121.16). 

Multiplying this equation by e*” and integrating over t from 0 to T (with 
integration by parts for the term e'“’), we obtain x, = y,/(A—iw). Using 
now formulae (121.4) and (121.15), we have 


(Yo = Ax®/a. (121.17) 


It is worth noting that this quantity is independent of the frequency. 
The quantity (121.17) is also the Fourier component of the mean value 


y(t)y(t+7) (just as (x?),, is the Fourier component of the mean value 


x(t)x(t+1)). A function whose Fourier components are independent of fre- 
quency is proportional to the delta function, and it is easy to see that 


WOVE) = 21538(2). (121.18) 


The vanishing of this expression when t ~ 0 signifies that the values of 
y(t) at different instants are entirely uncorrelated. In reality, of course, this 
Statement is an approximation and signifies only that the values of y(t) are 
correlated over time intervals of the order of the time for partial equilibrium 
to be established (equilibrium with a given value of x), which, as already 
mentioned, is regarded as negligibly small in the theory given here. In this 
connection it should be noted that all the formulae derived in this section for 
the Fourier components of various quantities are valid only for frequencies 
small compared with the reciprocal of the time for partial equilibrium to be 
established. 


§122. The symmetry of the kinetic coefficients 


Let us consider a closed system, not in a state of statistical equilibrium; 
let several thermodynamic quantities x1, x2, ..., x, which describe the whole 
system, or parts of it, all have non-equilibrium values (if they describe the 
whole system, they must not be quantities which remain constant for a closed 
system, such as energy or volume). As in §113, it will be convenient to suppose 
that the equilibrium values have been subtracted from these quantities, so 
that x1, x2, ... themselves represent the degree of non-equilibrium of the 
system. ; 

The quantities x1, ..., x, will vary with time. We shall suppose that these 
quantities are such as to give a complete description of the approach to 
equilibrium, and that no other deviations from complete equilibrium occur 
during this process; cf. §121. Then the rate X, of variation of the quantity x, 
in any non-equilibrium state is a function of the values of x;, ..., X, in that 
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state: 

Xi = X(x1, ..-, Xn). (122.1) 
Let us assume that the system is in a state fairly close to equilibrium, so that 
the quantities x, can be regarded as small. Then, expanding the rates x; in 
powers of x1, ..., X,, we need take only the first-order terms, i.e. write the 
%, as linear sums of the form 


nr 
i > MinXp 
k=1 


with constant coefficients A,,. There can be no zero-order terms in this expan- 
sion, since in equilibrium (i.e. when x1 = 0, x2 =0, ...) all the rates x, 
must also be zero. In what follows, as in §113, we shall omit the summation 
signs; summation from 1 to x over all repeated suffixes will be implied. Thus’ 


Xy = —AipXp- (122.2) 
We also define the derivatives 
X, = —0S/0x; (122.3) 


of the entropy S of the system. In a state of equilibrium, the entropy is a 
maximum, so that 


X, = 0, X_=0,..., X, = 0. (122.4) 
and for small x,, again taking only the first-order terms, we can write 
Xi = BinXns (122.5) 


the £,, being constant coefficients. These are the first derivatives of the X; 
i.e. the second derivatives of S; hence 


Bin = Bris (122.6) 


i.e. the coefficients are symmetrical in the suffixes i and k; this is not true of 
the coefficients A,, in (122.2). . 

If the x, are expressed in terms of the X, by (122.5) and substituted in 
(122.2), the rates X, are thereby also expressed as linear combinations of the 
X,; the resulting equations are of the form 


% = —vinXn- (122.7) 


The quantities y,, are called kinetic coefficients. We shall now prove the 
principle of the symmetry of the kinetic coefficients (first discovered by 


tIn applications, cases occur where the complete equilibrium which is being approached 
depends on external parameters (such as volume or external field) which themselves vary 
slowly with time; the equilibrium (mean) values of the quantities considered therefore vary 
also. If this variation is sufficiently slow, we can again use the relations derived here, ex- 
cept that the mean values x, can not be regarded as always equal to zero. If they are denoted 
by x{, then (122.2), for example, must be replaced by 


X, = — Ag (x — xi). (422.2a) 
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L. ONSAGER, 1931). This states that 
Vik = Vhi- (122.8) 


To prove this result, let us assume that the x; are not equal to their mean 
values owing to a fluctuation of the system. We take the value of any one of 
the x, at some instant ¢ and that of another x, at time f+t, and average the 
product x,(t)x,(t+7) over time ¢ (for a given positive value of t). The equa- 
tions of motion of the particles of the body (in the absence of an external 
magnetic field) are symmetrical under time reversal. It is therefore immaterial 
whether in the averaging we take x, at the later time and x, at the earlier 
time, or vice versa. The mean values of the products x,(t)x,(t+7t) and 
x,(t+t)x,(t) must consequently be equal: 


x,(t)x;,(t+7) = x(t+7)x,(t). (122.9) 


We differentiate this equation with respect to t and then put t = 0. The 
result is 


X;Xp = XiXp.- (122.10) 


To avoid misunderstanding, the following comment should be made regard- 
ing the above derivation. By changing the variable t, over which the averaging 
is carried out, into t—t, we have identically 

X{(t)x,(t+7) = x{(t—T)x;,(¢), 
which may be written 


Pri(t) = Pin(—7), (122.11) 
with the notation 
Pin(t) = Xi(t+7)xz (0). (122.12) 


It might seem at first sight that, by differentiating (122.11) with respect to t 
and then putting t = 0, we could show that ¢;,(0) = 0. In reality, however, 
as already mentioned in §121, in the approximation considered here the 
functions @;,(t) (like @(t) in §121) have two different derivatives at t = 0 
according as t + 0+ or 0-. 

We now substitute in (122.10) the formula (122.7) for %;: x,_X, = 
VyuXX,. From (113.7), x,X, = 6, and so 25) = Yai = Yuin = Vin This 
proves (122.8). 

The following two comments should, however, be made regarding this 
relation. The proof depends on the symmetry of the equations of motion with 
respect to time, and the formulation of this symmetry is somewhat altered 
for fluctuations in a uniformly rotating body and for bodies in an external 
magnetic field: in these cases the symmetry under time reversal holds only 
if the sign of the angular velocity of rotation 2 or of the magnetic field H is 
simultaneously changed. Thus in these cases the kinetic coefficients depend on 
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Q or Has parameter, and we have the relations 
Vin(2) = yri(—2), (122.13) 
vin) = yni(—H). 

Moreover, it has been tacitly assumed in the derivation that the quantities 
x, are such as to remain unchanged under time reversal. But if these quanti- 
ties are proportional to the velocities of some macroscopic motions, they will 
themselves change sign under time reversal. It is easy to see that, if any two 
quantities x, and x, both change sign, the relation (122.10) will still hold, 
and therefore y;, = = Vri- But if o if one of x;, x, changes sign while the other 
does not, we have x,X, = —X; XiXpo and for the corresponding kinetic coeffi- 
cients 

Vik = —Vhi- (122.14) 

From (122.7) and (122.8) it follows that the rates x; can be written as the 
derivatives, 
of some “generating function” f, which is a quadratic form in the quantities. 
X, with coefficients 47,,: 

S = WirXiXn. (122.16) 

This is an important function, since it determines the time derivative of 
the entropy: S = (0S/dx)x; = —X,%, = X;0f/0X,, and since f is a quadratic 
function of the X, EULER’s theorem gives 

S = 2f. (122.17) 


As the equilibrium state is approached, the entropy S must increase towards a 
maximum. The quadratic form f must therefore be positive-definite, and this 
imposes certain conditions on the coefficients ;,. 

In an exactly similar way to the derivation of (122.8) we can show that, if 
the time derivatives of the X, are expressed as linear functions of the x;, 


X; = —linxr (122.18) 
then the coefficients ¢;, are symmetrical: 
Cin = Cri (122.19) 
We can therefore write the X; as derivatives 
X, = —df/0x; (122.20) 
of a quadratic function 
f= inxirn- (122.21) 


Using formula (122.5) we find, since Bj, = Byi, 
dS = —X, dxp = —Bpixi dxy = — xj A(Binxn) = — i dX: 


and hence 
—0S/0X; = Xi, (122.22) 
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where the entropy is now assumed to be expressed as a function of the X;. 
The derivative S may therefore also be written 


S = (0S/0X;)X; = —x;X; = x;0f/0x; = 2f; 


with f given by (122.21). Comparison with (122.17) shows that the two func- 
tions (122.16) and (122.21) are the same quantity expressed in terms of differ- 
ent variables. 

For a system consisting of a body in an external medium we can transform 
(122.17) by using the fact that the change in entropy of a closed system in a 
deviation from equilibrium is —R,yjn/To, where Rpin is the minimum work 
needed to bring the system from the equilibrium state into the one considered 
(see (20.8)).? Putting also Ryi, = JAE—ToAS+Po4V (where E, S and V 
relate to the body, and 7», Po are the temperature and pressure of the medium), 


we obtain 
E-—ToS+PV = —2fTo. (122.23) 


In particular, if the deviation from equilibrium occurs with the temperature 
and pressure of the body constant and equal to Tp and Po, 


d@ = —2T, . (122.24) 
and at constant temperature and volume 
F = —2T. (122.25) 


§123. The dissipative function 


The macroscopic motion of bodies surrounded by an external medium is in 
general accompanied by irreversible frictional processes, which ultimately 
bring the motion to a stop. The kinetic energy of the bodies is thereby con- 
verted into heat and is said to be dissipated. 

A purely mechanical treatment of such a motion is clearly impossible: 
since the energy of macroscopic motion is converted into the energy of ther- 
mal motion of the molecules of the body and the medium, such a treatment 
would require the setting up of the equations of motion for all these molecules. 
The problem of setting up equations of motion in the medium which contain 
only the “macroscopic” co-ordinates of the bodies is therefore a problem of 
statistical physics. 

This problem, however, cannot be solved in a general form. Since the 
internal motion of the atoms in a-body depends not only on the motion of the 
body at a given instant but also on the previous history of the motion, the 


tOwing to this relation between the value of the entropy and Rmin, the X;, can also be 
defined as 
X; — (1/T))ORnin/Ox;, (122.3a) 


which is sometimes more convenient than (122.3); cf. (22.7). 
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equations of motion will in general contain not only the “macroscopic”’ co- 
ordinates Q1, Qe, ..., Q, of the bodies and their first and second time deriva- 
tives but also all the higher-order derivatives (more precisely, some integral 
operator of the co-ordinates). The Lagrangian for the macroscopic motion 
of the system does not then exist, of course, and the equations of motion 
will be entirely different in different cases. 

The equations of motion can be derived in a general form if it may be 
assumed that the state of the system at a given instant is completely deter- 
mined by the values of the co-ordinates Q; and velocities.Q,, and that the 
higher-order derivatives may be neglected; a more precise criterion of small- 
ness has to be established in each particular case. We shall further suppose 
that the velocities Q, are themselves so small that their higher powers may be 
neglected, and finally that the motion in question consists of small oscillations 
about certain equilibrium positions. The latter is the case usually met with 
in this connection. We shall assume the co-ordinates Q; to be chosen so that 
Q; = 0 in the equilibrium position. Then the kinetic energy K(Q,) of the sys- 
tem will be a quadratic function of the velocities @; and independent of the 
co-ordinates Q, themselves; the potential energy U(Q,) due to the external 
forces will be a quadratic function of the co-ordinates Q,. 

We define the generalised momenta P; in the usual way: 


P; = 0K(Q;)/0Q;. (123.1) 


These equations define the momenta as linear combinations of the velocities; 
using them to express the velocities in terms of the momenta and substituting 
in the kinetic energy, we obtain the latter as a quadratic function of the 
momenta, with 


QO; = OK(P;)/OP;. (123.2) 

If the dissipative processes are entirely neglected, the equations of motion 

will be as in ordinary mechanics, according to which the time derivatives 
of the momenta are equal to the corresponding generalised forces: 


Pp; = —dU/8Q,. (123.3) 


First of all, let us note that equations (123.2), (123.3) are in formal agree- 
ment with the principle of the symmetry of the kinetic coefficients derived 
in §122, if the quantities x1, x2, ..., X,, used there are taken as the co-ordi- 
nates Q, and momenta ?,. For the minimum work needed to bring the bodies 
from a state of rest in their equilibrium positions to the positions Q; with 
momenta P; is Ryin = K(P;)+ U(Q,). The quantities Xi, Xe, ..., X,, will 
therefore be the derivatives 


XQ, = (1/T)ORmin/OQ:i = (1/T)OU/0Q,, 
Xp, = (1/T)ORmin/OP; = (1/T)0K/OP; 
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(see the last footnote to §122), and equations (123.2), (123.3) will correspond 
to the relations (122.7) with Yop, — ~T = —Yp,q, in accordance with 
the rule (122.14); this is a case where one quantity (Q;) remains invariant 
under time reversal but the other (P;) changes sign. 

In accordance with the general relations (122.7), we can now write the 
equations of motion allowing for dissipative processes, by adding to the 
right-hand sides of equations (123.2), (123.3) certain linear combinations of 
the quantities X9, X; p, such that the required symmetry of the kinetic 
coefficients is maintained. It is easy to see, however, that equations (123.2) 
must be left unchanged, since they are simply a consequence of the definition 
(123.1) of the momenta and do not depend on the presence or absence of 
dissipative processes. This shows that the terms added to equations (123.3) 
can only be linear combinations of the quantities Xp , @.e. of the derivatives 
OK/OP,), since otherwise the symmetry of the kinetic coefficients would be 
violated. 

Thus we have a set of equations of the form 


oU OK 


P, = “AA. ik Ap? 
30,” %,?"" BP, 


where the constant coefficients y,, are related by 


Yih = Vri- (123.4) 
Putting 0K/OP, = Q,, we have finally 
. au. CS . 
p,= 22 _y »,.0,. 123.5 
a0, Py VinQr ( ) 


These are the required equations of motion. We see that the presence of 
dissipative processes leads, in this approximation, to the appearance of 
frictional forces which are linear functions of the velocities. Owing to the 
relations (123.4) these forces can be written as the derivatives, with respect 
to the corresponding velocities, of the quadratic function 


f= 42 VinOQr, (123.6) 
which is called the dissipative function. Then 
. oU of 

P= -~= -—.. 123.7 
i 30; 30, (123.7) 
Using the Lagrangian L = K — U, we can write these equations of motion as 
£ (55) oh (123.8) 

dt \0Qi/  0Q; 00; 


which differs from the usual form of LAGRANGE’s equations by the presence 
of the derivative of the dissipative function on the right. 
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The existence of friction causes a decrease in the total mechanical energy 
K+U of the moving bodies. In accordance with the general results of §122, 
the rate of decrease is determined by the dissipative function. This will be 
proved afresh here, since there is some difference in the notation used in the 
present section. We have 
d oK . oU oU 
pal § P; 
iiK+0) = > (Sp tho, 0) = Eo(%+59). 
or, substituting (123.7) and using the fact that the dissipative function is 
quadratic, 


| i= 


d =e Se 
GKtU) = -LOisg = -% (123.9) 


as it should be. 
Finally, we may mention that, when there is an external magnetic field, 
the equations of motion again take the form (123.5), but (123.4) is replaced by 


vin(H) = y,i(—H). 
As a result, there is no dissipative function whose derivatives determine the 


friction forces. The equations of motion therefore cannot be written in the 
form (123.7). 


§124. Time correlations of the fluctuations of more than one variable . 


The results obtained in §121 for the time correlation function of one fluc- 
tuating quantity can be generalised to fluctuations in which several thermo- 
dynamic quantities x1, x2, ..., x, simultaneously deviate from their equi- 
librium values. 

By analogy with the definition (121.1), we define the correlation functions 


Pin(t) = Xi(t+7)x;, (0). (124.1) 
These satisfy identically the relations 
Pix(t) = Opi(—1) (124.2) 


(see (122.11)). 
Instead of (121.7) we now have 


ts 
Gade =z | ductrds (124.3) 


where the quantities (x,x,),, are defined by 
XiwXkot = (XjXp)v6(W +0’). (124.4) 


Let us consider the mean value x,(t)X,(t+1). Substituting X, = B,.x,, we 
obtain 


x{(t)X,(t+7) = Bridie). 
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On the other hand, using the mean values £,(r) of the X, and &,(t) of the 
x, at t+7 for given values of all the x1, x2, ... at time ¢t, we can write (cf. 
(121.12)) 

xi(t)X,(¢+7) = x,&,(t). 


Differentiating this equation with respect to t, substituting for the deriva- 
tives d&,/dt the values —¢,,¢, with the same coefficients as in (122.18) 


and bearing in mind that x,é,(t) = @,,(7), we obtain the equations 
Bu ddi/dt = —Cagiy  (t > 0), (124.5) 


which determine the ¢,, as functions of t; it must be remembered that the 
equations in this form are valid only for t > 0 (cf. §121). 

To calculate the Fourier components of the functions ¢;,, we multiply 
the equation (124.5) by e'”* and integrate over t from 0 to -, Integrating by 
parts and using the fact that ¢;,(oo) = 0, we find 


— BuO) — infu { pi (re?* dt = ~u | $yj(t)ei”* dr. 
. ) J 
But from (113.8) 


b(0) = xix, = Bn, 
and hence 


(Cu ~ iB) | diltetor de = dpi 
0 
Thus we have 


| pet?" dt = (C—iwB)n, 
0 


where (¢—iwf)~,, are the components of the matrix inverse to (C¢—iwf),,. 
Replacing t by —t and w by —a, and using the relation (124.2), we obtain 


0 
| dulce de = (C+ inf). 
Finally, addition of these two equations gives 


| Pyu(rei* de = (C—iwBy y+ + iwp) 1, (124.6) 
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which determines the required Fourier components and thus generalises for- 
mula (121.15)*. 

The matrix §,, is always symmetric. In the absence of a magnetic field the 
¢,, are also symmetric, and therefore so is the matrix ¢,,tiwf,, and hence 
also its inverse. 

As at the end of §121, we may write these results in a different form by using 
new variables Y, defined by 


X; = —CipXpt Y;: (124.7) 


these quantities may be neglected when the x, exceed their mean fluctuations. 
Exactly as in §121, a simple calculation leads to the formula 


(YiYa)o = (1/20)\Cint Sri). (124.8) 


These quantities are again independent of o. 
For the quantities y; defined by 


Xi = —VirXnt Vir (124.9) 
there is the corresponding formula 
(ViVr)o = (1/27) (yint Yri)- (124.10) 


This formula is obvious without further calculation if we note that there 
is a reciprocal relation between the x, and the X;,: the X; are the derivatives 
of the entropy with respect to the x, and vice versa. 

We may also note the formula 


VDAE+D) = Ont Pad8OO), (124.11) 


which corresponds to (124.10) in the same way as (121.18) corresponds to 
(121.17). 

For practical applications, formulae (124.8) and (124.10) have the advan- 
tage of containing the matrix elements ¢,, and y,, themselves, not the matrix 
elements of the inverse matrix. 

As an example of the use of the above formulae, let us consider fluctuations 
of a one-dimensional oscillator, i.e. a body which is at rest in the equili- 
brium position (Q = 0) but capable of executing small oscillations in some 


t If there is only one quantity x, then we have 


1 1 2 
twp C+ C+iop C+ 0B? 


By the definition of A, 8, ¢ we have in this case X¥ = tes X= —fx,x = —Ax. Thus ¢ = Ap 
and we return to formula (121.15). 

tIf one of the x; (x;, say) changes sign under time reversal, the corresponding matrix 
elements (124.6) must be antisymmetric. This is in fact so, since in that case ¢, = —¢,; 
(cf. (122.14)) and the coefficients 8,,; = 0. The latter result follows because the f,, are 
coefficients of the products x;x; in the quadratic form which gives the change in entropy in 
a deviation from equilibrium. Since the entropy is invariant under time reversal ou the 
product x,x, changes sign, the entropy cannot contain any such term, i.e. By; = 


22(x?)y = 
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macroscopic co-ordinate Q. Because of fluctuations, the co-ordinate Q will 
in fact undergo deviations from the value Q = 0. The mean square of this 
deviation is determined directly from the coefficient in the quasi-elastic force 
which acts on the body during a deviation. 

We write the potential energy of the oscillator in the form U = 4ma,?Q?, 
where m is the “mass”’ (i.e. the coefficient of proportionality between the 
generalised momentum P and the velocity 0: P = mQ), and wo the natural 
frequency of the oscillator (in the absence of friction). Then the mean square 
fluctuation is (cf. §114, Problem 7) Q? = T/mwo?. 

It is of more interest, however, to calculate the “Fourier components” 
of the fluctuations in the co-ordinate. We shall do this for the general case 
where the oscillations are accompanied by friction. 

The equations of motion of an oscillator with friction are 


O = P/m, (124.12) 
P = —mo,2Q-—yP/m, (124.13) 
where —yP/m = —y0Q is the “frictional force”. As shown in §123, if Q and 
P are taken as x; and Xe, the corresponding X, and Xe2 are ma@o*Q/T and 
P/mT. Equations (124.12) and (124.13) then represent the relations x; = 


—VinXps so that 
yi1 = 0, Ye = —ya = —T, yoo = pT. 


In order to apply these equations to the fluctuations, we write (124.13) as 
P = —mo,2Q—yP/m+y; (124.14) 
equation (124.12), which is the definition of the momentum, must be left 
unchanged. According to (124.10) we have immediately (y”),, = yee/a = yT/x. 
Finally, in order to derive the required (Q2),,, we substitute P = mQ in 
(124.14), obtainingt 

mQ+vQ+mo2O = y. (124.15) 

Multiplying by e*” and integrating over time, we find 

(—mw*—iwy+mo,?)Q. = Yas 


and hence finally 
(Q*)o = yT/a[m*(w* — w,?)? + wy"). (124.16) 


§125. The generalised susceptibility 


It is not possible to derive a general formula for the spectral distribution 
of non-thermodynamic fluctuations analogous to formula (121.15) for the 
thermodynamic fluctuations, but in many cases it is possible to relate the 


t If (124.15) is regarded as the “equation of motion” of a fluctuating oscillator, the 
quantity y is sometimes called the random force acting on the oscillator. 
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properties of non-thermodynamic fluctuations to quantities describing the 
behaviour of the body under certain external interactions. These may be 
fluctuations of either classical or quantum quantities. 

Physical quantities of this type have the property that for each of them 
there exists an external interaction described by the presence, in the Hamil- 
tonian of the body, of a perturbing operator of the type 


P = —£f(0), : (125.1) 


where x is the quantum operator of the physical quantity concerned, and the 
“perturbing force” f is a given function of time.’ 

The quantum mean value x is not zero when such a perturbation is present 
(whereas x = 0 in the equilibrium state in the absence of the perturbation), 
and it can be written in the form Gf, where 4 is a linear integral operator 
whose effect on the function f(t) is given by a formula of the type 


X(t) = af = | K(of(t—1) dt, (125.2) 


K(t) being a function of time which depends on the properties of the body. 
The value of X at time ¢ can, of course, depend only on the values of the 
“force” f at previous (not subsequent) times; the expression (125.2) satisfies 
this requirement. 

Any perturbation depending on time can be reduced by means of a Fourier 
expansion to a set of monochromatic components with a time dependence 
eit. For such a perturbation, the relation between x and fis 


x = a(w)f, (125.3) 


where the function a(@) is given by 


a(w) = | K(x)ei? dr. (125.4) 
0 


If this function is specified, the behaviour of the body under the perturbation 
in question is completely determined. We shall call « the generalised suscept- 
ibility. It plays a fundamental part in the theory described below, since, as 
we shall see, the fluctuations of the quantity x can be expressed in terms 
of it.t 


t For example, f may be an external electric field and x the electric dipole moment 
acquired by the body in that field. 

tIn the example given in the last footnote, « is the electric polarisability of the body. 

The quantity « thus defined is more convenient than the frequently used quantity Z(w) 
= —1/iwa, called the generalised impedance, which is the coefficient in the relation f = Zx. 
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The function «(@) is in general complex. Let its real and imaginary parts 
be denoted by @’ and @’’: 


a= a'+ia"’. (125.5) 
The definition (125.4) shows immediately that 
a(—w) = «*(w). (125.6) 
Separating the real and imaginary parts, we find 
a'(—w) = «’(@), a’(—w) =—a"(o), (125.7) 


i.e. @'(@) is an even function of the frequency, and «’’ an odd function. 
When @ = 0 the function «’’(w) changes sign, passing through zero (or in 
some cases through infinity). 

It should be emphasised that the property (125.6) simply expresses the 
fact that the operator relation x = &f must lead to real values of x for every 
real f. If the function f(t) is given by the real expression 


f = HWhoe-it + foreity, (125.8) 


then by applying the operator & to each of the two terms we obtain 
X% = F[a(w)foe~ i”! +a(—a) fore]; (125.9) 


the condition for this expression to be real is just (125.6). 

Asw — o, the function «(@) tends to a real finite limit «. For definiteness 
we shall suppose below that this limit is zero; a non-zero «,, requires only 
some obvious slight changes in some of the formulae. 

The change in state of the body as a result of the “force” fis accompanied 
by absorption (dissipation) of energy; the source of this energy is the external 
interaction, and after absorption in the body it is converted into heat. This 
dissipation also can be expressed in terms of the quantity «. To do so, we use 
the equation dE/dt = 0H/dt, which states that the time derivative of the 
mean energy of the body is equal to the mean value of the partial derivative 
of the Hamiltonian of the body with respect to time (see §11). Since only the 
perturbation V in the Hamiltonian depends explicitly on the time, we have 


dE/dt = —x dffdt. (125.10) 


This relation is of importance in applications of the theory under discussion. 
If we know the expression for the change in energy in a particular process, 
a comparison with (125.10) will show which quantity is to be interpreted as 
the “force” f with respect to a given variable x. 

The mean energy dissipation Q per unit time can be derived from (125.10) 
by substituting ¥ from (125.9) and averaging over the period of the external 
interaction. The terms containing et?” vanish, and we obtain 


O = tiw(a*—«)| fol? = doa’ | fol?. (125.11) 


§125 The Generalised Susceptibility 387 


From this we see that the imaginary part of the susceptibility determines the 
dissipation of energy. Since any actual process is always accompanied by 
some dissipation (Q > 0), we reach the important conclusion that, for all 
positive values of the variable w, the function «” is positive and not zero. 
It is possible to derive some very general relations concerning the function 
a(w) by using the methods of the theory of functions of a complex variable. 
We regard w as a complex variable (o = w’+iw’’) and consider the properties 
of the function «(@) in the upper half of the w-plane. From the definition 
(125.4) and the fact that K(t) is finite for all positive t, it follows that «(w) 
is a one-valued regular function everywhere in the upper half-plane. For, 
when w’’ > 0, the integrand in (125.4) includes the exponentially decreasing 
factor e~™” and, since the function K(t) is finite throughout the range of 
integration, the integral converges. The function «(w) has no singularity on 
the real axis (w’’ = 0), except possibly at the origin.t It is useful to notice 
that the conclusion that «(@) is regular in the upper half-plane is, physically, 
a consequence of the causality principle. Owing to this principle, the inte- 
gration in (125.2) is taken only over times previous to t, and the range of inte- 
gration in (125.4) therefore extends from 0 to rather than from -—- oto ~, 
It is evident also from the definition (125.4) that 


a(—w*) = a*(c). (125.12) 


This generalises the relation (125.6) for real w. In particular, for purely 
imaginary w we have a(iw’’) = a*(iw’’), i.e. the function «(w) is real on the 
imaginary axis. 

We shall prove the following theorem. The function «(w) does not take real 
values at any finite point in the upper half-plane except on the imaginary 
axis, where it decreases monotonically from a positive value a > 0 at 
w = i0 to zero at w =i o. Hence, in particular, it will follow that the func- 
tion «(w) has no zeros in the upper half-plane. 

To prove the theorem? we use a theorem from the theory of functions of a 
complex variable, according to which the integral 


1 fda@) do 
sei | der a@)=o" (125.13) 


taken round some closed contour C, is equal to the difference between the 
number of zeros and the number of poles of the function «(@) — a in the region 
bounded by the contour. Let @ be a real number and let C be taken as a 
contour consisting of the real axis and an infinite semicircle in the upper 


t In the lower half-plane, the definition (125.4) is invalid, since the integral diverges. 
Hence the function «(w) can be defined in the lower half-plane only as the analytical con- 
tinuation of the expression (125.4) from the upper half-plane, and in general has singulari- 
ties in this region. 

t The proof given here is due to N. N. MEIMAN. 
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half-plane (Fig 54) Let us first suppose that ao is finite. Since in the upper 
half-plane the function «(@) has no pole, the same is true of «(w)—a, and the 
integral in question gives simply the number of zeros of the difference a—a, 
i.e. the number of points at which «(w) takes the real value a. 

To calculate the integral, we write it as 


1 da 
dni | «—a’ 
Cc 
C @ o @) 
oO TG 
-@ Oo +00 oO a 
a 
Fic. 54 


the integration being round a contour C’ in the plane of the complex variable 
a which is the map of the contour C in the w-plane. The whole infinite. semi- 
circle is mapped on to the point « = 0, and the origin (w = 0) is mapped on 
to another real point a. The right and left halves of the real axis of w are 
mapped in the «-plane on to some very complicated (generally self-intersect- 
ing) curves which are entirely in the upper and lower half-planes respectively. 
It is important to note that these curves nowhere meet the real axis (except 
at « = 0 and « = apo), since « does not take real values for any real finite w 
except w = Q. Because of this property of the contour C’, the total change of 
the argument of the complex number «—a on passing round C’ is 2z (if a 
lies between 0 and «» as shown in Fig. 54) or zero (if a lies outside that range), 
whatever the number of self-intersections of the contour. Hence it follows 
that the expression (125.13) is equal to 1 if 0 < a < a and zero for any other 
value of a. 

Thus we conclude that the function «(w) takes, in the upper half-plane of 
@, each real value of a in this range once only, and values outside this range 
not at all. Hence we can deduce first of all that on the imaginary axis, where 
the function «(w) is real, it cannot have either a maximum or a minimum, 
since otherwise it would take some values at least twice. Consequently, «(@) 
varies monotonically on the imaginary axis, taking on that axis, and nowhere 
else, all real values from «9 to zero once only. 

If a = © (i.e. a(w) has a pole at the point w = 0), the above proof is 
affected only in that on passing along the real axis (in the w-plane) it is 
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necessary to avoid the origin by means of an infinitesimal semicircle above 
it. The change in the contour C’ in Fig. 54 can be regarded as the result of 
moving a» to infinity. The function «(w) then decreases monotonically from 
co to 0 on the imaginary axis. 

Let us now derive a formula relating the real and imaginary parts of the 
function «(@). To do so, we choose some real positive value @o of w and 
integrate the expression «/(@—wpo) round the contour shown in Fig. 55. This 
contour includes the whole of the real axis, indented upwards at the point 
© = Wo > 0 (and also at the point w = Oif the latter is a pole of the function 
a(w)), and is completed by an infinite semicircle. At infinity, « + 0, and the 


C & 


Fic. 55 


function «/(@—@o) therefore tends to zero more rapidly than 1/w. The 


integral 

| Cs dw 

@O—Wo 

c 
consequently converges; and since «(m) is regular in the upper half-plane, and 
the point @ = wo has been excluded from the region of integration, the func- 
tion «/(w—Wo) is analytic everywhere inside the contour C, and the integral 
is therefore zero. 

The integral along the infinite semicircle is also zero. The point wo is 
avoided by means of an infinitesimal semicircle whose radius 0 tends to zero. 
The direction of integration is clockwise, and the contribution to the integral 
is —ina(wo). If xo is finite, the indentation at the origin is unnecessary, and 
the integration along the whole real axis therefore gives 


®@o—@ oo 
* a 4 . 
lim — dw+ dw} —iza(wo)= 0. 
e>0 @M—Wo @—-Wo 

—oo ate 


The first term is the principal value of the integral from — ~ to o. Indicating 
this in the usual way, we have 


ina(o9) = P | ~~ dao (125.14) 
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Here the variable of integration w takes only real values. We replace it by &, 
call the given real value @ instead of wo, and write the function a(w) of the 
real variable w in the form « = a’+i«’’. Taking the real and imaginary parts 
of (125.14), we obtain the following two formulae: 


at) =!p i oe dé, (125.15) 
a'"(w) = ~ip | xO) ag, (125.16) 


first derived by H. A. KRAMERS and R. DE L. KRONIG (1927). It should be 
emphasised that the only essential property of the function «(@) used in the 
proof is that it is regular in the upper half-plane.’ Hence we can say that 
KRAMERS and KRONIG’s formulae, like this property of a(w), are a direct 
consequence of the causality principle. 

Using the fact that «’’(&) is an odd function, we can rewrite (125.15) as 


-1p (2 Pa") 
0 
or 
a'(w) = [ee dé. (125.17) 


If the function «(@) has a pole at the point w = 0, near which « = iA/o, 
the semicircle avoiding this pole gives a further real term — A/@o, which must 
be added to the left-hand side of equation (125.14). Thus formula (125.16) 
becomes 


aw) = -iP Jes a'(6) ae+4, (125.18) 


— co 


but (125.15) and (125.17) remain unchanged. 

We may also derive a formula which expresses the values of a(@) on the 
positive imaginary axis in terms of the values of «’’(w) on the real axis. To do 
so, we consider the integral 

wa(a) 
w?+ Wy? 


t The property « > 0 as @ — ~ is not essential: if the limit «. were other than zero, we 
should simply take «—a.. in place of «, with corresponding obvious changes in formulae 
(125.15), (125.16). 
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taken along a contour consisting of the real axis and an infinite semicircle 
in the upper half-plane (wo being a real number). This integral can be 
expressed in terms of the residue of the integrand at the pole w = iwo. The 
integral along the infinite semicircle is zero, and so we have 


co 


| cole) dw = ina(ia). 


02+ Wo? 
On the left-hand side the real part of the integral is zero, since the integrand 
is an odd function. Replacing w by & and wo by a, we have finally 


2 ( ga"(é) 
mu} w?+ & 


0 


a(iw) = 


dé. (125.19) 


Integration of this with respect to w gives 


oo co 


| a(iw) dw = | «’’(w) dw. (125.20) 


0 0 


§126. Non-thermodynamic fluctuations of a single variable 


Let a body to which the quantity x refers be in a particular (nth) stationary 
state. The mean value (121.10) is calculated as the corresponding diagonal 
matrix element 


EXaXar + Xa Xonn = 4 p2 [(Xw)am(Xo)mnt(Xo)nm(Xo)mn), (126.1) 


where the summation is over the whole spectrum of energy levels; since the 
operator x,, is complex, the two terms in the brackets are not equal. 

The time dependence of the operator x means that its matrix elements must 
be calculated by means of the time-dependent wave functions. We therefore 
have 


= a | Xnmeloamt ot dt = Xam (Onm+a), (126.2) 


oc 


where x, is the ordinary time-independent matrix element of the operator 
x, expressed in terms of the co-ordinates of the particles of the body, and 
Onm = (E,—E,,)/f is the frequency of the transition between the states n 
and m. Thus 


RR wr + Xu Xo)nn = $Y | Xam |? [(@nmt@) (mn +o')+ 


+ S(Onmt@’) 6@nnt+o)]), 
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where we have used the fact that x,,,, = Xmn*, since x is real. The products of 
delta functions in the brackets can clearly be written as | 


(Onmt@) 6(@+0’)+ (Onn +o) 6(o+’). 


A comparison with (121.10) then gives 
(x*)o = 4 ¥ epee ie [6 + @nm) + (@+O@mn))]. (126.3) 
m 


The following comment may be made concerning the way in which this 
expression is written. Although the energy levels of a macroscopic body are, 
strictly speaking, discrete, they are so close together that in practice they 
form a continuous spectrum. Formula (126.3) may be written without the 
delta functions if it is averaged over small frequency intervals (which neverthe- 
less contain many levels). If '(E) is the number of energy levels less than £, 
then 


sae cel ] (126.4) 


= 2 Oe ees 
where E,, = E,+fo, E,,’ = E,,— ho. 
Let us now assume that the body is subject to a periodic perturbation (with 
frequency w), described by the operator 


v= —fE = —FHfoe~ + fo*eim)x. (126.5) 


Under the effect of the perturbation the system makes transitions, and the 
probability (per unit time) of the transition n > m is given byt 


2 
Wn = EE xen OOF nn) + O+O mm}. (126.6) 


The two terms in this formula correspond to those in (126.5). In each transi- 
tion the system absorbs or emits a quantum fiw,,,. The sum 


Q= bs WamhOmn 


is the mean energy absorbed by the body per unit time; this energy is supplied 
by the external perturbation, and after absorption in the body it is dissipated 
there. Substitution of (126.6) gives 


O = Fp [fol Y | nm [2{5(@+ Oman) + (00+ nm) mn 


or, since the delta functions are zero except when their argument is zero, 


Q= 55 @ [fo [2 Y lean 2 {6(@+@nm) — d(@ +@mpn)}. (126.7) 


t See Quantum Mechanics, §42. 
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Comparison of (126.7) and (125.11) gives 


aw) = ; Y. | Xam 2 {6(© + Onm)— (+ Omn)}- (126.8) 


The quantities (x?),, and «” thus calculated are related in a simple manner, 
but the relation appears only when these quantities are expressed in terms of 
the temperature of the body. To do this, we average by means of the Gibbs 
distribution (cf. the second footnote to §121). For (x?), we have 


(x*). =4 > On Benga 2 {5(@ + @nm)+ 6(®@+@mn) }, 


where for brevity we have put 9, = e"-*»/T, FE denoting the energy levels 
of the body and F its free energy. Since the summation is now over both 
suffixes m and n, these can be interchanged. If this is done in the second term, 


we obtain 
(x2)o = 4 3 (On + Om) arn 2 6(@ + @nm) 
m,n 


= 4 Y o,(1 + ehnm/T) | Xpen fa 6(®+ nm) 
m,n 


or, because of the delta function in the summand, 
(x*)o = 4$(1 +e hol T) Y On Be 2 6(@+ nm): 
mn 


In an exactly similar manner we obtain 
wt 4 
a= h (1 — e—ha/T) » On | ea i? 6(® + nm)- 
mn 


A comparison of these two expressions gives 


fia.” fo ha’ 1 
2 = — —_—_ = Se 
(x2) 5 coth aT {++ ghalT — | i (126.9) 
The mean square of the fluctuating quantity itself is given by the integral 
= Ah c hw 
oe Ee ” ee 
aa [e (w) coth Va dw. (126.10) 


0 
These important formulae (derived by H. B. CALLEN and T. A. WELTON, 
1951) relate the fluctuations of physical quantities to the dissipative proper- 
ties of the system when it is subject to an external interaction. It should be 
noted that the factor in the braces in (126.9) is formally the mean energy 
(in units of fiw) of an oscillator of frequency w at temperature T; the term 
4 corresponds to the zero-point oscillations. 

The results obtained above can be written in a different form by regarding 
the spontaneous fluctuations of the quantity x purely formally as due to the 
action of some fictitious “random forces’”’ f. It is convenient to write the 
formulae in terms of the “Fourier components” x, and f, as if x were an 
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ordinary (not an operator) quantity. The relation between them is | 
Xw = aw) fo, (126.11) 
and the mean square fluctuations can then be written in the form 


XaXar = a(0)a(0') fofor = (x*).d(@+o’) = |x 2(f?%)y oto’). 
Hence we have from (126.9) for the spectral density of the mean square ran- 


dom force 
ho” hw 
2) = ——--_ coth —. 126.12 
(Mo = srpap Cth 57 (126.12) 
This treatment of the fluctuations may offer certain advantages in particular 
applications of the theory. 
At temperatures T >> fiw we have coth (hw/2T) = 2T/fw, and formula 
(126.9) becomes 
(x*)e = (T/nw)a''(w). (126.13) 
The constant # no longer appears, in accordance with the fact that under 
these conditions the fluctuations are classical. 
If the inequality T >> ho is valid for all frequencies of importance (those 
for which «'’(w) is significantly different from zero), then we can take the 
classical limit in the integral formula (126.10) also: 


wf @ 
0 
But from (125.17) this integral can be expressed in terms of the static value 
«'(0) = «(0), and hence 
x? = Ta(0). 


But a(0) = 1/AT (see formula (127.20) below), and we return to the known 
result (112.4). This is not surprising, since this forraula depends only on the 
fact that x is classical, not on the fluctuations’ being thermodynamic. 


PROBLEM 


Derive formula (125.17) by a direct quantum-mechanical calculation of the mean value 
of x in the perturbed system. 


SOLUTION. Let ¥,‘° be the wave functions of the unperturbed system. Following the 
general methodt, we seek the wave functions of the perturbed system, in the first approxi- 
mation, in the form 

Po = Por Y i On 
™ 


where the coefficients a,,, satisfy the equations 


da _| 
ih mn __ mneomn _ —4x,,,€°°"""( foe i@t + fire), 


dt 


t See Quantum Mechanics, §40. 
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Hence 


fe fore ) 
SS + ae irda eee 


1 i 
Gan = Qh Xn ema ( Dun—D Wp +m 
mn mn 


where we assume that |@| is not equal to any of the frequencies w,,,,. Using the resulting 
function ¥,, we calculate the mean value of x as the corresponding diagonal matrix ele- 
ment of the operator X; in the same approximation, we have 


x= | » Ps dq = Y (GanXnme™™ + apy 26) 
m 


ca 1 [ XmnXnm XmnXnm 
~~ 2h LOmn—-O Onn +O 
1 
~ he 


Comparing this expression saat the definition (125.3), we find 


a’(w) = - > ee Onn | Xam |? (1) 


ST Geen ear) 
Onn? -@ 


| (foe + fore) 


wae Zoot (foe +a weft) 


the imaginary part of « is absent, of course, since we have assumed that [w| # @m,. If we 
substitute (1) and (126.8) in (125.17), it is easy to see that the latter is in fact satisfied identi- 
cally, noting that in the integration over positive ¢ only one of the delta functions in «’’(é) 
can be non-zero. 


§127. Non-thermodynamic fluctuations of more than one variable 


The results given above can easily be generalised to the case where several 
fluctuating quantities x; are considered simultaneously. The derivation will 
be given without repeating in detail calculations which are exactly analogous 
to those in §126. 

Let x; and x, be any two of the physical.quantities under consideration. 
We define the quantum-mechanical mean values of the symmetrised operator 
products: 


S(KiaXpot + Xpwt io) = (X;Xp)wv (+0), (127.1) 
a generalisation of (121.10). A calculation similar to the derivation of (126.3) 
gives 
(x;Xp)o = 4 y {Dam Ondenn 60 + Onm) + 
m 
+ (Xk) nm(Ximn 6(® + @mn)}. (127.2) 
The perturbation acting on the system may be written 
V = —fiki = —W foie + fasten, (127.3) 
The amount of energy absorbed by the system per unit time is calculated 
in the same way as (126.7): 
Q= = bY es » Soifon* [(X)mnOXnm 60+ @nm) — (XD nn Xan 10+ 0mn)). 


(127.4) 
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The definition (125.9) is generalised as follows: 


Xi = Sorin fone it + ain *fon*ei) (127.5) 

or 

Xj = Oinths (127.6) 
if all quantities are expressed in complex form (~ e~*”), The change in 
energy is given in terms of the external perturbation by 

E = —f, x;. (127.7) 
This formula, like (125.10), is generally used in specific applications of the 
theory in order to establish the actual correspondence between the quantities 
x, and f;. 

Substituting (127.5) in (127.7) and averaging also over the period of the 
perturbation, we have instead of (125.11) the following expression for the 
energy dissipation: 

Q = f iw(ain* — 43) foifon*- (127.8) 
A comparison with (127.4) gives 


2ni 
Ain” — ORE = » [Xdmn(Xn)nm 5+ Onm)— | 
m 
—(Xi)nm(Xn)mn 6(@ +@mn)). (127.9) 
Averaging this expression and (127.2) over the Gibbs distribution as in 
§126, we find the following generalisation of (126.9): 
ih hw 
(X4Xh) wo _ an (x,i* — Kip) coth oT . (127.10) 
As in formulae (126.11), (126.12), formula (127.10) can be expressed in 
terms of fictitious “random forces”, the action of which produces results 
equivalent to the spontaneous fluctuations of the quantities x;. To do so, we 
write 
Xio = Cin Sos Tits = «1p Xho (127.11) 
and 
(Fifa = 474 aTamXiXm)o- 
Substituting (127.10), we obtain 


ih ho 
Sifn)o = a (Vy —a-Wpi*) coth (127.12) 


From these formulae we can derive some conclusions concerning the sym- 
metry properties of the quantities o;,(@).* Let us first suppose that the quanti- 
ties x,, x, are such that they are invariant under time reversal; then the corre- 
sponding operators x,, x, are real. We shall further suppose that the body has 


+ The results given below are due to H. B. CALLEN, M. L. Barascu, J. L. JACKSON and 
R. F. GREENE (1952). 
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no “magnetic structure” (see the first footnote to §128) and is not in an exter- 
nal magnetic field; then the wave functions of its stationary states are also 
real,’ and consequently so are the matrix elements of the quantities x. Since 
the matrices x,,,, are Hermitian, we have x, = Xmn* = Xmn- We also see that 
the right-hand side of (127.9), and consequently the left-hand side, are sym- 
metrical in the suffixes i and k. Hence «,,*—a,; = &;*—@,, OF%,+0,,,* = 
= ,,+,;*, ie. we conclude that the real part of «,, is symmetric. 

But the real and imaginary parts («,,’ and «,,'’) ofeach «,, are related by 
linear integral equations, namely KRAMERS and KRONIG’s formulae. Hence the 
symmetry of «,,’ implies that of «,,’’ and therefore that of «,, itself. Our final 
result is therefore 

Lin = Lpij- (127.13) 


These relationships are somewhat modified if the body is in a constant 
external magnetic field H. The wave functions of a system in a magnetic field 
are not real, but have the property y*(H) = y(—H). Accordingly the matrix 
elements of the quantities x are such that x,,,,(H) = X,,,(—H), and the express- 
ion on the right of (127.9) is unchanged, when the suffixes i and & are trans- 
posed, only if the sign of H is simultaneously changed. We therefore obtain 


the relation 
oin*(H)—,(H) = «,:*(—H)—«;,(—H). 


Another relation is given by KRAMERS and KRONIG’s formula (125.14), 
according to which 
ari = iI(ap3); 


where J is a real linear operator. Adding this to the Hermitian conjugate equa- 
tion a,,* = —iJ(«;,*), we obtain 


x °F * : 
hint tani = — iS (ai, * — api); 


here all the «,;, are, of course, taken for a fixed value of H. Hence we see that, 
if the difference «,,* —«,,; has a particular symmetry property, then so has the 
sum «,,* +,;, and therefore «,, itself. Thus 


«;,(H) = pi( — H). (127.14) 


Finally, let the quantities x include some which change sign under time 
reversal. The quantum-mechanical operator corresponding to such a quantity 
is purely imaginary, and so X,, = Xmn* = —Xmn- lf the two quantities x,, x, 
are both of this kind, the derivation of (127.13) is unaffected, but if only one 
of them changes sign under time reversal, the right-hand side of equation 


t The exact energy levels of a system of interacting particles can be degenerate only with 
respect to the directions of the total angular momentum of the system. This source of 
degeneracy can be eliminated by assuming the body to be enclosed in a vessel with immov- 
able walls. The energy levels of the body will not then be degenerate, and so the correspond- 
ing exact wave functions can be taken as real. 
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(127.9) changes sign when the suffixes i,k are interchanged. Accordingly 
(127.13) becomes 
Lik = —&pi- (127.15) 


Similarly in a magnetic field we have instead of (127.14) 
a,(H) = —a,;(—H). (127.16) 


All these relations can, of course, be derived also from formula (127.10) 
as a consequence of the symmetry of the fluctuations with respect to time. In 
the Fourier components, the effect of time reversal is to replace w by —oa (if 
the quantity x itself is invariant under time reversal). In the expressions (127.1) 
(which are in fact different from zero only when w’ =—w) this means 
interchanging w and w’ or, equivalently, interchanging i and k. The time sym- 
metry of the fluctuations therefore implies that (x;x,), = (X,Xm» i.e. the 
left-hand side of equation (127.10), and therefore the right-hand side, are 
symmetrical in the suffixes i, k, and we again obtain the relations (127.13). 
This derivation of the symmetry properties of the «,, is analogous to the usual 
derivation of ONSAGER’s principle of the symmetry of the kinetic coefficients, 
and we shall see below that formulae (127.13)—(127.16) may be regarded as a 
generalisation of that principle. 

We shall now show the relationship between the foregoing general theory 
and the theory of thermodynamic fluctuations. The quantities whose fluctua- 
tions may be regarded as thermodynamic have the property that they satisfy 
equations of the form X, = —y,,X,, which describe the behaviour of a closed 
system not in equilibrium. If the system is not closed but is subject to external 
forces, the right-hand sides of these equations must include additional forces 
which we denote by y,;: 

x= —VinXk +yi- (127.17) 


It is easy to express the y, in terms of the quantities f, which describe the per- 
turbation in question." 

To do so, we assume that static forces act on the body, i.e. the jf, are con- 
stant. This interaction causes a “displacement’’ of the equilibrium state, in 
which the mean values of the X; are no longer zero. These new mean values 
can be expressed in terms of the f, as follows. The energy of a body subject 


to a constant perturbation is E = Ey—f,x,, where Eo is the energy of the body 
in the absence of the perturbation. The differential of E is 


dE = TdS+(0E/df)) df;. 


+ It should be emphasised that another interpretation of equation (127.17) is also pos- 
sible: the quantities y; (or f;) may be regarded not as resulting from some external inter- 
action on a system far from equilibrium but as “random forces”, the inclusion of which 
in the equation makes it applicable to the fluctuating quantities x; in a closed system. This 
interpretation corresponds to the form (127.12) of the fundamental formula. 
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But, from the general formula (11.4), 
OE/Of, = dH/af, = WV /Ofi = —x:, 
and so dE = d(Ey—f;x,) = T dS—x, df, or 
dEo = TdS+f;, dx;. 
Thus we find the equilibrium values 
X, = —(S/0xi)e, = AIT. 


On the other hand, the right-hand sides of equations (127.17) must be zero 


in equilibrium. We see, therefore, that these equations can be written in terms 
of the f, as 
X= —VinlXy—Sy/T). (127.18) 


We can now derive a relation between the generalised susceptibilities «,, 
and the kinetic coefficients y,;,. To do so, we substitute x; from (127.5) in 
(127.18), and write the X; as the linear combinations 


X; = BinXp- (127.19) 


Separating the terms in e~*” and e*” ‘in (127.18), we obtain 
. 1 
iMeimsom = VirBri%imSom FF Yimtom> 
whence, since the f,,, are arbitrary, we have the relations 


’ 1 
1WGim — YirButim = — T Yim 
or 


Lik = FB- iy, ; (127.20) 


where the exponents —1 denote the inverse matrices. These are the required 
relations. 

The quantities 6;, are by definition symmetric with respect to their suffixes 
(since B;, = —0*S/0x,0x,). Hence the symmetry of the «,, implies that of the 
Yin. 1.€. the ordinary principle of the symmetry of the kinetic coefficients. 

Substituting (127.20) in (127.12), we obtain 


hoo 


hoT 
(SiS no = “450 (yk ea Ve ) coth oT 
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or, forthe y, = —V,f,/T, 
hw ho 
Oro = anT (Yin+Ypi) coth aT: (127.21) 


This relation differs from formula (124.10) for the fluctuations of a classical 


quantity x by the factor 
(fw /2T) coth (fw /2T). (127.22) 


In the classical limit (fw <T), this factor tends to unity, and so (127.21) 
becomes the same as (124.10). 


CHAPTER XIII 


THE SYMMETRY OF CRYSTALS 


§128. Symmetry of particle configuration in a body 


THE most usual properties of symmetry of macroscopic bodies relate to the 
symmetry of the configuration of particles in them. 

Atoms and molecules in motion do not occuply precisely defined places in 
a body, and for an exact statistical description of their arrangement we must 
use a “density function’ o(x, y, z), which gives the probability of various con- 
figurations of the particles: 9 dV is the probability that an individual particle 
is in the volume element dV. The symmetry properties of the configuration 
of the particles are determined by the co-ordinate transformations (transla- 
tions, rotations and reflections) which leave the function (x, y, Z) invariant. 
The set of all such symmetry transformations for a given body forms what is 
called its symmetry group. 

If the body consists of different kinds of atom, the function @ must be deter- 
mined for each kind of atom separately; this, however, is unimportant here, 
since all these functions in an actual body will in practice possess the same 
symmetry. We could also use the function @ defined as the total electron 
density due to all the atoms at each point in the body." 

The highest symmetry is that of isotropic bodies (bodies whose properties 
are the same in all directions), which include gases, liquids and amorphous 
solids. It is evident that in such a body all positions in space of any given par- 
ticle must be equally probable, i.e. we must have g = constant. For if some 
positions of particles were more probable than others, the properties of the 
body would be different in different directions (e.g. in directions passing and 
not passing through any two maxima of the probability). 

In anisotropic crystalline solids, on the other hand, the density function is 
not simply a constant. In this case it is a triply periodic function (with periods 
equal to those of the crystal lattice) and has sharp maxima at the lattice points. 
Besides translational symmetry, the lattice (i.e. the function o(x, y, z)) also 
has, in general, symmetry under certain rotations and reflections. The lattice 


+ Moving electrons can cause not only a mean charge density eg but also a mean current 
density j(x, y, z). Bodies in which there are non-zero currents are those having a “magnetic 
structure”, and the symmetry of the vector function j(x, y, z) determines the symmetry of 
that structure. This is discussed in Electrodynamics of Continuous Media, §28. 
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points which can be made to coincide by any symmetry transformation are 
said to be equivalent. The types of crystal symmetry will be discussed in detail 
in §§130-134. 

A problem of fundamental interest is whether bodies can exist in Nature for 
which the density function depends not on three but only on one or two co- 
ordinates (R. E. PEIERLS 1934, and L. LANDAU 1937). 

For example, a body with 9 = o(x) could be regarded as consisting of paral- 
lel planes regularly arranged and lying perpendicular to the x-axis, with the 
atoms randomly distributed in each plane. When 0 = o(x, y), the atoms 
would be randomly distributed along lines parallel to the z-axis, but these 
lines themselves would be regularly arranged. 

To discuss this question, let us consider the displacements undergone by 
small parts of the body as a result of continually occurring fluctuations. It is 
clear that, if such displacements increase without limit as the size of the body 
increases, there will necessarily be a “smoothing-out” of the function 0, in 
contradiction with hypothesis. In other words, only those distributions @ can 
occur for which the mean displacement remains finite when the dimensions 
of the body become arbitrarily large. 

Let us first confirm that this condition is satisfied in an ordinary crystal. 
Let u(x, y, z) denote the vector of the fluctuation displacement of a small 
region with co-ordinates x, y, z and let u be represented as a Fourier series: 


u = >) u,e; (128.1) 
E 


this series will include only terms with not too large wave numbers, k < 1/d, 
where d is the linear dimension of the region undergoing displacement. We 
shall consider the fluctuations u at constant temperature; then their probabil- 
ity is given by formulae (119.1), (119.2). 

To calculate AF, we must expand F—F in powers of the displacement. 
The expansion will involve not the function u(x, y, z) itself but only its deriv- 
atives (cf. §119), since F—F must vanish when u = constant, corresponding 
to a simple displacement of the body as a whole. As regards the various deriv- 
atives of u with respect to the co-ordinates it is evident, first of all, that the 
terms in the expansion which are linear in these derivatives must be absent, 
since otherwise F could not have a minimum for u = 0. Next, owing to the 
smallness of the wave numbers k, we need go only as far as the terms quad- 
ratic in the first derivatives of u in the expansion of the free energy, neglecting 
the terms containing the higher-order derivatives. Hence we find that 4F, has 
the form 


AF, = ee | Ux *bir(kxs Ky k,), 


where $1,(k,, k,, k,) is a quadratic function of the components of the vector k. 
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Hence it follows that the mean square of the fluctuation u, is 


ae ee 
V y(kx,ky,kz) ; 


and for the mean square of the total displacement u we obtain 


ee Es 


the summation over k is approximately replaced, in the usual manner, by 
multiplication by V dk,, dk,, dk, and integration. This integral converges pro- 
portionally to k at the lower limit (k — 0). Thus the mean square of the 
fluctuation displacement is a finite quantity independent of the size of the 
body, as it should be. 

Next, let us consider a body with density function 0 = e(x). Since 9 = 
constant along the y and z axes in such a body, no displacement along 
these axes can “smooth out’ the density function, and such displacements are 
consequently of no interest here. We need therefore consider only a displace- 
ment u,. Moreover, it is easy to see that the first derivatives 0u,/Oy, Ou,,/0z 
cannot appear in the expansion of the free energy, since, if the body is rigidly 
rotated about the y or z axis, these derivatives change, whereas the free energy 
must obviously remain constant. Thus in the expansion of F—F we have to 
consider the following terms quadratic in the displacement: 


Otte |" Git (Clit | Ole (Olt | Blutz)? , 
Ox} > Ox \oy2 § O22]? Voy? § G22] ’ 
the derivatives with respect to y and z appear symmetrically, owing to the 


complete symmetry in the yz-plane. Substitution of (128.1) leads to terms of 
the types 


| uy |? ~ 


| Usa [2K3, | tk "(ke HK2)K x, | Ueci |?(k§ +k?)?. 


Although the two latter expressions include powers of the wave vector com- 
ponents higher than the first expression, they may be of the same order of 


magnitude, since nothing is known a priori concerning the relative magnitude 
of k, andk,,k 


yz 
Thus the change in the free energy will be of the form 


AF, = o> | Ute Pobrr(kx, k2. +-k?), (128.3) 


where 1, is a quadratic function of two variables, k, and kj+k}. Instead of 


_ (128.2) we now have 
-_ dk,, dk, dk, 
oe i~r| | ean Gray EER ee 


This integral is easily seen to diverge logarithmically ask ~ 0. 
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The divergence of the mean fluctuation of the displacement u,, implies that 
a point to which a particular value of o(x) corresponds may be displaced 
through very large distances; in other words, the density o(x) is “smoothed 
out” through the whole body, so that no function @ = e(x) is possible except 
the trivial case 0 = constant. 

Similar arguments for a body with e = 0(x, y) give the following expression 
for the mean squares of the displacements u,,, 


——— dk,, die Ss 
aT T | gtgtotte 128.5 
zs My {| rae ae G22) 


This integral is easily seen to converge, so that the sce remain finite. 
Thus a body having such a density function could in theory exist, but it is not 
known whether such bodies do in fact exist in Nature. 


§129. Symmetry with respect to orientation of molecules 


The condition 9 = constant is necessary but certainly not sufficient for a 
body to be isotropic. This is clear from the following example. Let us imagine 
a body consisting of elongated molecules, all positions in space of a molecule 
as a whole (i.e. of its centre of mass) being equally probable, but the axes of 
the molecules being predominantly oriented in one direction. Such a body is 
obviously anisotropic, despite the fact that e = constant for each atom pres- 
ent in the molecule. 

The property whose symmetry is here under consideration may be formu- 
lated in terms of a mutual correlation between the positions of the different 
atoms. Let 012 dV2 be the probability of finding an atom 2 in the volume 
element dV2 for a given position of atom 1 (atoms of different types usually 
being involved); 012 is a function of the radius vector rig between the two 
atoms, and the symmetry properties of this function determine the symmetry 
of the body (in which @ = constant). 

The fact that the density function @ is constant signifies that a relative dis- 
placement of parts of the body (without change of volume) does not affect the 
equilibrium state of the body, i.e. does not change its thermodynamic quan- 
tities. This is precisely the characteristic property of liquids (and gases). We 
must therefore regard bodies with @ = constant and an anisotropic function 
012(F12) as liguid crystals, that is, anisotropic fluids. 

When the length of the vector riz varies without change in its direction, the 
functions 012 do not, of course, display any periodicity, though they may 
undergo oscillations. Thus these functions do not possess translational sym- 
metry, and their symmetry groups can consist only of certain rotations and 
reflections, i.e. are what are called point groups. 


t See Quantum Mechanics, §93. 
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Regarding liquid crystals as bodies with an anisotropic correlation 012, we 
can therefore say that their possible types of symmetry are classified in accord- 
ance with the point groups, and the order of the axes of symmetry in these 
groups is arbitrary. In particular, liquid crystals are possible with an axis of 
complete axial symmetry (the groups C.,, C..,, C..», D.., D..;)'; it is custo- 
mary to suppose that all known liquid crystals are of these types, but it must 
be borne in mind that optical observations do not enable us to distinguish 
an axis of complete axial symmetry from one of order n > 2. 

Finally, it may be mentioned that in ordinary isotropic liquids also there 
are two different types of symmetry. If the liquid consists of a substance which 
does not have stereoisomers, it is completely symmetrical not only under a 
rotation through any angle about any axis but also under a reflection in any 
plane, i.e. its symmetry group is the complete group of rotations about a point, 
together with a centre of symmetry (group K,). If the substance has two stereo- 
isomeric forms, however, and the liquid contains different numbers of mole- 
cules of the two isomers, it will not possess a centre of symmetry and there- 
fore will not allow reflections in planes. Its symmetry group is just the com- 
plete group of rotations about a point (group K). 


§130. Symmetry elements of a crystal lattice 


Proceeding to study the symmetry of a crystal lattice, we must first of all 
ascertain which elements can contribute to this symmetry. 

The symmetry of acrystal lattice is based on its spatial periodicity, the prop- 
erty of being unchanged by a parallel displacement or translation through 
certain distances in certain directions! ; translational symmetry will be further 
discussed in §131. 

As well as translational symmetry, the lattice may also be symmetrical 
under certain rotations and reflections; the corresponding symmetry elements 
(axes of symmetry, planes of symmetry, and rotary-reflection axes) are the 
same as those which can occur in symmetrical bodies of finite size.!! 

In addition, however, crystal lattices can also possess symmetry elements 
consisting of combinations of parallel translations with rotations and reflec- 
tions. Let us first consider combinations of translations with the axes of sym- 
metry. The combination of an axis of symmetry with a translation in a direc- 
tion perpendicular to the axis does not give a new type of symmetry element. 
It is easy to see that a rotation through a certain angle followed by a transla- 
tion perpendicular to the axis is equivalent to a rotation through the same 

t It will be recalled that, of these, only C... and D.o,can appear as the symmetry groups 
of a single molecule; see Quantum Mechanics, §98. 


t Here the crystal lattice must be regarded as infinite, ignoring the faces of the crystal. 
Il See Quantum Mechanics, §91. 
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angle about an axis parallel to the first. The combination of a rotation about 
an axis and a translation along that axis leads to a new type of symmetry ele- 
ment, a screw axis. The lattice has a screw axis of order n if it is unchanged by 
rotation through an angle 27/n about the axis, accompanied by translation 
through a certain distance d along the axis. 

After 1 rotations, with accompanying translations, about a screw axis of 
order n, the lattice is simply shifted along the axis by a distance nd. Thus, when 
there is a screw axis, the lattice must certainly also have a simple periodicity 
along this axis with a period not exceeding nd. This means that screw axes of 
order n can be correlated only with translations through distances d = pa/n 
(p = 1,2,...,n—1), where a is the smallest period of the lattice in the direction 
of the axis. For example, a screw axis of order 2 can be of only one type, the 
translation being through half a period; screw axes of order 3 can be corre- 
lated with translations by 4 or 4 period, and so on. 

Similarly, we can combine translations with planes of symmetry. Reflection 
in a plane together with translation in a direction perpendicular to the plane 
does not give a new type of symmetry element, since such a transformation 
is easily seen to be equivalent to a reflection in a plane parallel to the first. The 
combination of a reflection with a translation along a direction lying in the 
reflection plane leads to a new type of symmetry element, a glide-reflection 
plane or glide plane. The lattice has a glide-reflection plane if it is unchanged 
by a reflection in this plane, accompanied by a translation through a certain 
distance d in a certain direction lying in this plane. 

A twofold reflection in a glide-reflection plane amounts to a translation 
through a distance 2d. It is therefore clear that a lattice can have only glide- 
reflection planes such that the translation distance d = 4a, where ais the small- 
est period of the lattice in the direction of the translation. 

The combination of rotary-reflection axes with translations does not lead 
to new types of symmetry element, since in this case any translation can be 
resolved into two parts, one perpendicular to the axis and the other parallel 
to it and therefore perpendicular to the reflection plane. Thus a rotary- 
reflection transformation followed by a translation is always equivalent to 
another rotary-reflection transformation about an axis parallel to the first. 


§131. The Bravais lattice 


The translational periods of a lattice can be represented by vectors a whose 
directions are those of the respective translations and whose magnitudes are 
equal to the distances concerned. The lattice has an infinity of different lat- 
tice vectors. These vectors are not all independent, however: one can always 
choose in a crystal lattice three basic lattice vectors (corresponding to the three 
dimensions of space) which do not lie in one plane, and then any other lattice 
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vector can be represented as a sum of three vectors each an integral multiple 
of one of the basic vectors. If the basic vectors are denoted by a4, ao, a3, an 
arbitrary lattice vector a will be of the form 


a = nyay+neartnaas, (131.1) 


where 711, Ne, ng are any positive or negative integers or zero. 

The choice of the basic lattice vectors is not unique. On the contrary, these 
vectors may be chosen in an infinity of ways. Let a1, az, a3 be basic lattice vec- 
tors, and let us replace them by other vectors aj, a,, a3, defined by the formu- 


lae 
a; = > aipap (i, k = 1, 2, 3), (131.2) 
; k 


where the «,,, are some integers. If the new periods a, are also basic lattice vec- 
tors, then, in particular, the vectors a, must be expressible in terms of the a; as 
linear functions with integral coefficients; then any other lattice vector can also 
be expressed in terms of the a,’.In other words, if we express the a; in terms 
of the a; in accordance with (131.2), the resulting formulae must be of the 


type 
a= 2. Bint, 


with the 8;, again integral. The determinant |;,| is the reciprocal of the deter- 
- minant |«;,|, and since both are integers it follows that the equation 


is a necessary and sufficient condition for the a; to be basic lattice vectors. 

Let us choose a lattice point and mark off from it three basic lattice vec- 
tors. The parallelepiped formed by the three vectors is called a unit cell of the 
lattice. The whole lattice can then be regarded as a regular assembly of such 
parallelepipeds. All the unit cells, are of course, identical in their properties; 
they have the same shape and size, and each contains the same number of 
atoms of each kind identically arranged. 

It is evident that identical atoms will be found at every vertex of every unit 
cell. All these vertices, therefore are, equivalent lattice points, and each can be 
brought to the position of any other by translation through a lattice vector. 
A set of all such equivalent points which can be brought into coincidence by a 
translation forms what is called a Bravais lattice of the crystal. This clearly 
does not include every point of the crystal lattice; indeed, in general it does not 
even include all equivalent points, since the lattice may contain equivalent 
points which can be made to coincide only by transformations involving 
rotations or reflections. 

The Bravais lattice can be constructed by selecting any crystal lattice point 
and performing all possible translations. By taking initially some other point 
not in the first Bravais lattice we should obtain another Bravais lattice 
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displaced relative to the first. It is therefore clear that the crystal lattice in 

general consists of several interpenetrating Bravais lattices, each correspond- 

ing to atoms of a particular type and position. All these lattices, regarded as" 
sets of points (i.e. purely geometrically), are completely identical. 

Let us return now to the unit cells. Because the choice of the basic lattice 
vectors is arbitrary, that of the unit cell is also not unique. The unit cell can 
be constructed from any basic vectors. The resulting cells are, of course, of 
varying shapes, but their volumes are all equal. This is most simply seen as 
follows. It is clear from the above discussion that each unit cell contains one 
point belonging to each of the Bravais lattices that can be constructed in the 
crystal concerned. Consequently, the number of unit cells in a given volume is 
always equal to the number of atoms of a particular type and position, i.e. 
is independent of the choice of cell. The volume of each cell is therefore the 
same, and equal to the total volume divided by the number of cells. 


§132. Crystal systems 


Let us now consider the possible types of symmetry of the Bravais lattices. | 

First, we shall prove a general theorem concerning the symmetry of crystal 
lattices with respect to rotations. Let us see which axes of symmetry the lattice 
can have. Let A (Fig. 56) be a point of a Bravais lattice, lying on an axis of 
symmetry perpendicular to the plane of the diagram. If B is another point 
separated from A by one of the possible translations, a similar axis of symmetry 
must pass through B. 

Let us now perform a rotation through an angle @ = 2z/n about the axis 
through A, where n is the order of the axis. Then the point B and the axis 
through it will move to B’. Similarly, a rotation about B carries A into A’. 
From their construction, the points A’ and B’ belong to the same Bravais 
lattice as A and B, and so can be made to coincide by a translation. The dis- 
tance A’B’ must therefore also be a translational period of the lattice. If a is 
the shortest period in the direction concerned, the distance A’B’ must there- 
fore be equal to pa with p integral. It is seen from the figure that this gives 


a+2a sin (@—472) = a—2acos d 


= pa, 


orcos @ = }4(1—p). 
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Since |cos ¢| <1, p can be 3, 2, 1 or 0. These values correspond to 
‘@ = 2n/n with n = 2, 3, 4 or 6. Thus the crystal lattice can have axes of 
symmetry only of order 2, 3, 4and 6. 

Let us now examine the possible types of symmetry of the Bravais lattice 
under rotations and reflections. These types of symmetry are called crystal 
systems, and each corresponds to a certain set of axes and planes of symmetry, 
i.e. iS a point group. 

It is easy to see that every point of a Bravais lattice is a centre of symmetry 
thereof. For to each atom in a Bravais lattice there corresponds another atom 
collinear with that atom and with the lattice point considered, and such that 
the two atoms are equidistant from this lattice point. If the centre of symmetry 
is the only symmetry element of the Bravais lattice (apart from translations), 
we have 

1. The triclinic system. This system, the least symmetrical of all, corre- 
sponds to the point group C;. The points of a triclinic Bravais lattice lie at 
the vertices of equal parallelepipeds with edges of arbitrary lengths and arbi- 
trary angles between edges. Such a parallelepiped is shown in Fig. 57. 

The Bravais lattices are customarily denoted by special symbols; that of the 
triclinic system is denoted by I’,. 

2. The monoclinic system is next in degree of symmetry. Its symmetry ele- 
ments are a second-order axis and a plane of symmetry perpendicular to this 
axis, forming the point group C,,. This is the symmetry of a right parallel- 
epiped with a base of any shape. The Bravais lattice for this system can be 
constructed in two ways. In one, called the simple monoclinic Bravais lattice 
(I’,,), the lattice points are at the vertices of right parallelepipeds with the ac 
face an arbitrary parallelogram (Fig. 57). In the other, the base-centred lat- 
tice (I'®,), the lattice points are not only at the vertices but also at the centres 
of opposite rectangular faces of the parallelepipeds. 

3. The orthorhombic sytem corresponds to the point group D,,. This is 
the symmetry of a rectangular parallelepiped with edges of any length. The 
system has four types of Bravais lattice. In the simple orthorhombic lattice 
(I,), the lattice points are at the vertices of rectangular parallelepipeds. In the 
base-centred lattice (I), there are in addition lattice points at the centre of 
two opposite faces of each parallelepiped. In the body-centred lattice (9), the 
points are at the vertices and centres of the parallelepipeds; finally, in the face- 
centred lattice (If), the points are at the vertices and at the centre of each 
face. 

4. The tetragonal system represents the point group D,,,; this is the symmetry 
of a right square prism. The Bravais lattice for this system can be constructed 
in two ways, giving the simple and body-centred tetragonal Bravais lattices 
(1, and I°)), whose points lie respectively at the vertices and at the vertices 
and centres of right square prisms. 
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5. The rhombohedral system corresponds to the point group Dad; this is the 
symmetry of a rhombohedron (a solid formed from a cube by stretching or 
compressing it along a spatial diagonal). In the only Bravais lattice possible 
in this system (J',,) the lattice points are at the vertices of rhombohedra. 

6. The hexagonal system corresponds to the point group D,,; this is the | 
symmetry of a regular hexagonal prism. The Bravais lattice for this system 
(I’,,) can be constructed in only one way; its lattice points are at the vertices 


Fic. 57 


of regular hexagonal prisms and at the centres of their hexagonal bases. It is 
useful to mention the following difference between the rhombohedral and 
hexagonal Bravais lattices. In both, the lattice points lie in planes perpendic- 
ular to the axis of order 3 or 6, and form a network of equilateral triangles; 
but in the hexagonal lattice the points are directly superimposed in successive 
such planes (in the direction of the C, axis); these planes are shown in plan in 
Fig. 58. In the rhombohedral lattice, on the other hand, the points in each 
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plane lie above the centres of the triangles formed by the points in the previous 
plane, as shown by the circles and crosses in Fig. 58. 

7. The cubic system corresponds to the point group O,,; this is the symmetry 
of a cube. This system has three types of Bravais lattice: the simple cubic (I’,), 
the body-centred cubic (I) and the face-centred cubic (I). 

In the sequence of systems: triclinic, monoclinic, orthorhombic, tetragonal, 
cubic, each has higher symmetry than those which precede it, i.e. each con- 
tains all the symmetry elements which appear in the preceding ones. The rhom- 
bohedral system is similarly of higher symmetry than the monoclinic, while at 


the same time it is of lower symmetry than the cubic and hexagonal systems: 
its symmetry elements are present in both of the latter, which are the two 
systems of highest symmetry. 

We may also mention the following fact. It might appear at first sight that 
further types of Bravais lattice beyond the fourteen listed above are possible. 
For instance, if we add to the simple tetragonal lattice a point at the centre of 
each opposite square base of the prisms, the lattice would again be of tetra- 
gonal symmetry. However, it is easy to see that this would not give a new 
Bravais lattice. For, on joining the points of such a lattice in the manner indi- 
cated in Fig. 59 by the broken lines, we see that the new lattice is again a simple 
tetragonal one. The same is easily found to be true in all similar cases. 

The Bravais lattice parallelepipeds shown in Fig. 57 themselves have all 
the symmetry elements of the system to which they belong. However, it must 
be remembered that, for all the Bravais lattices except the simple ones, these 
parallelepipeds are not unit cells: the lattice vectors from which they are con- 
structed are not basic ones. As the basic lattice vectors in the face-centred Bra- 
vais lattices we can take the vectors from any vertex of the parallelepiped to 
the centres of the faces, in the body-centred lattices from a vertex to the centres 
of the parallelepipeds, and so on. Fig. 60 shows the unit cells for the cubic 
lattices 4 and I"?; these cells are rhombohedra and do not themselves possess 
all the symmetry elements of the cubic system. 
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In order to define completely the triclinic Bravais lattice, it is necessary to 
specify six quantities: the lengths of the edges of its parallelepipeds and the 
angles between the edges. In the monoclinic system four quantities are suffi- 
cient, since two of the angles between the edges are always right angles. Simi- 
larly, we easily find that the Bravais lattices of the various systems are defined 
by the following numbers of quantities (lengths of edges of parallelepipeds or 
angles between edges): triclinic 6, monoclinic 4, orthorhombic 3, tetragonal 2, 
rhombohedral 2, hexagonal 2, cubic 1. 


§133. Crystal classes 


In many effects which may be called macroscopic, a crystal behaves as a 
homogeneous and continuous body. The macroscopic properties of the crys- 
tal depend only on the direction considered in it. For example, the properties 
of the passage of light through a crystal depend only on the direction of the 
light ray; the thermal expansion of a crystal is in general different in different 
directions; finally, the elastic deformations of a crystal under various external 
forces also depend on direction. 

On the other hand, the symmetry of crystals brings about an equivalence of 
various directions in them. All macroscopic properties of a crystal will be 
exactly the same in such directions. We can therefore say that the macro- 
scopic properties of the crystal are determined by the symmetry of directions 
in it. For instance, if the crystal has a centre of symmetry, every direction in 
it will be equivalent to the opposite direction. 

Translational symmetry of the lattice does not lead to equivalence of direc- 
tions, since parallel displacements do not affect directions. For the same rea- 
son, the difference between screw axes and simple axes of symmetry, and 
between simple planes of symmetry and glide-reflection planes, does not 
affect the symmetry of directions. 

Thus the symmetry of directions, and therefore that of the macroscopic 
properties of the crystal, are determined by its axes and planes of symmetry, 
with screw axes and glide planes regarded as ordinary axes and planes. Such 
sets of symmetry elements are called crystal classes. 

As we already know, an actual crystal may be regarded as a set of several 
interpenetrating identical Bravais lattices. Because of this superposition of 
the Bravais lattices, the symmetry of an actual crystal is in general different 
from that of the corresponding Bravais lattice. 

In particular, the set of symmetry elements forming the class of a given 
crystal is in general different from its system. It is evident that the addition of 
further points to a Bravais lattice can only eliminate some of its axes or planes 
of symmetry, not introduce new ones. Thus the crystal class contains fewer 
(or at most the same number of) symmetry elements than the corresponding 
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system, i.e. the set of axes and planes of symmetry of the Bravais lattice of the 
crystal in question. 

From this we can derive a method of finding all the classes belonging to a 
given system. To do so, we must find all the point groups which contain some 
or all of the symmetry elements of the system. It may happen, however, that a 
point group thus obtained comprises symmetry elements present in more than 
one system. For example, we have seen in §132 that all Bravais lattices have 
a centre of symmetry. The point group C;, is therefore present in all systems. 
Nevertheless, the distribution of crystal classes among systems is usually 
physically unique: each class must be assigned to the system of lowest 
symmetry among those which contain it. For example, the class C,; must be 
assigned to the triclinic system, which has no symmetry element except a 
centre of inversion. With this method of assigning the classes, a crystal having 
a certain Bravais lattice will never be placed in a class which could be con- 
structed from a Bravais lattice of a system of lower symmetry—with one 
exception (see below). 

The necessity of satisfying this condition is physically evident: it is phys- 
ically most improbable that the atoms in a crystal which belong to its Bravais 
lattice should be arranged more symmetrically than is required by the sym- 
metry of the crystal. Moreover, even if such a configuration were to occur 
by chance, any external perturbation, even a weak one (heating, for example), 
would be sufficient to destroy this configuration, since it is not imposed by 
the symmetry of the crystal. For instance, if a cubic Bravais lattice were to 
occur in a crystal belonging to a class for which the tetragonal system was 
sufficient, even a slight interaction would be capable of lengthening or short- 
ening one of the edges of the cubic cell, converting it into a right square 
prism. 

From this example we see the importance of the fact that the Bravais lattice 
of a system of higher symmetry can be converted to that of a system of lower 
symmetry by means of an arbitrarily small deformation. There is one excep- 
tional case, however, where such a transformation is not possible: a hexagon- 
al Bravais lattice can not be converted by any infinitesimal deformation 
into the lattice of the rhombohedral system, which is of lower symmetry. For 
we see from Fig. 58 that, to transform the hexagonal into the rhombohedral 
lattice, it is necessary to move the vertices in alternate layers by a finite amount 
from the vertices to the centres of the triangles. In consequence, all the classes 
of the rhombohedral system can be obtained with either a hexagonal or a 
rhombohedral Bravais lattice.t 

Thus, to find all the crystal classes, we must first look for the point groups 
of the triclinic system, which has the lowest symmetry, and then go on in turn 


t Crystals of rhombohedral classes with a hexagonal Bravais lattice are usually assigned 
to the rhombohedral system. 


414 The Symmetry of Crystals §134 | 


to systems of higher symmetry, omitting those of their point groups (i.e. 
classes) which have already been assigned to systems of lower symmetry. It is 
found that there are altogether 32 classes: a list of these arranged according 
to systems is as follows. 


System Classes 
Triclinic Ci, C; 
Monoclinic C,, C2, Con 
Orthorhombic Cy, De, Den 
Tetragonal S, Dea Ci, Cin; 
403 D,, Dy, 
Rhombohedral Cs, Se, Cs, Ds, Dsa 
Hexagonal Csr, Dsn, Cy, Cen, 


Cor, D,; Den, 


Cubic T, T), T 3 ’ oO ’ On 


In each of these sets of classes the last is the one of highest symmetry, and 
contains all the symmetry elements of the corresponding system. The classes 
whose symmetry is equal to that of the system are called holohedral classes. 
Those whose number of different symmetry transformations (rotations and 
reflections, including the identical transformation), is less than for a holo- 
hedral class by a factor of two or four are called hemihedral and tetartohedral 
classes respectively. For example, in the cubic system the class O, is holo- 
hedral, O, T,, and T’, are hemihedral, and T is tetartohedral. 


§134. Space groups 


Having studied the symmetry of the Bravais lattices and the symmetry of 
directions in the crystal, we can, finally, go on to consider the complete actual 
symmetry of crystal lattices. This symmetry may be termed microscopic, in 
contradistinction to the macroscopic symmetry of crystals discussed in §133. 
The microscopic symmetry determines those properties of a crystal which 
depend on the arrangement of the atoms in its lattice (e.g. the scattering of 
X-rays by the crystal). 

The set of (actual) symmetry elements of the crystal lattice is called its 
space group. The lattice always has a certain translational symmetry, and may 
also have simple, rotary-reflection and screw axes of symmetry and simple 
and glide-reflection planes of symmetry. The translational symmetry of the 
lattice is entirely determined by its Bravais lattice, since by the definition of 
the latter the crystal lattice can have no translational periods except those of 
its Bravais lattice. Hence, to determine the space group of a crystal, it is 
sufficient to find the Bravais lattice and to enumerate the symmetry elements 
which involve rotations and reflections, including of course the relative 
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position of these axes and planes of symmetry. It must also be remembered 
that the translational symmetry of the crystal lattice means that, if the lattice 
possesses an axis or plane of symmetry, there exists an infinity of parallel axes 
or planes which are carried into one another by displacements through the 
lattice vectors. Finally, in addition to these axes (or planes) of symmetry 
separated by lattice vectors, the simultaneous presence of translational sym- 
metry and the axes (or planes) of symmetry results in the existence of other 
axes (or planes) which can not be made to coincide with the former by a trans- 
lation through any lattice vector. For example, the presence of a plane of 
symmetry involves not only planes parallel to it at distances equal to the lat- 
tice vector but also planes of symmetry which bisect each lattice vector: it 
is easily seen that reflection in any plane followed by translation through a 
distance d in a direction perpendicular to the plane is equivalent to reflection 
in a plane parallel to the first and at a distance 4d from it. 

The possible space groups can be divided among the crystal classes, each 
space group being assigned to the class where the set of axes and planes of 
symmetry is the same as in the space group when no distinction is made in the 
latter between simple and screw axes and between simple and glide planes. 
Altogether 230 different space groups are possible; they were first found by 
E. S. Feporov (1895). The space groups are distributed among classes as 
shown in Table 1. 


Table 1 
Class Number of groups Class Number of groups 

Ci 1 S, 2 
C; 1 Cap 6 
Cs; 4 Ds 7 
C2 3 Dsa 6 
Cor 6 Cosh 1 
Coy 22 Cs 6 

2 9 Con 2 
Dy; 28 Ds), 4 
S, 2 Cov 4 
C, 6 6 6 
Can 6 Den 4 
Daa 12 T 5 
Ca 12 T, 7 

4 10 Ta 6 
Dy, 20 O 8 

3 4 Op, 10 


We shall not pause here to enumerate the symmetry elements of all the 
space groups, which would be a very lengthy process. They may be found in 
manuals of crystallography.t 


t A full account of the space groups is given, for example, by G. Yu. LYUBARSKI, The 
Application of Group Theory in Physics, Pergamon, Oxford 1960, and in the International 
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Here the following point may be noted. Among the space groups there are 
some which differ only in the direction of rotation about their screw axes. 
There are in all 11 such pairs of space groups. 


§135. The reciprocal lattice 


All physical quantities which describe the properties of a crystal lattice have 
the same periodicity as the lattice itself. Such quantities are, for example, the 
electromagnetic field created in the lattice by the atoms forming it, the charge 
density due to the electrons in these atoms, the probability of finding an atom 
at a particular point in the lattice, and so on. 

Let U be any such quantity. U is a function of the co-ordinates x, y, z of 
the point in the crystal or, as we shall write it, of the radius vector r of the 
point. The function U(r) must be periodic, with the same periods as those of 
the lattice itself. This means that we must have 


U(r+miait+neagtnsa3) = U(r) (135.1) 


for any integral 73, no, n3 (a1, a2, as being the basic vectors of the lattice). 
Let us expand the periodic function U(r) as a triple Fourier series, which 


may be written 
U = YU, e27b r, (135.2) 
D 


where the summation is over all possible values of the vector b. These are 
determined from the requirement that the function U, when put in the form 
of the series (135.2), satisfies the periodicity condition (135.1). This means that 
the exponential factors must be left unchanged when r is replaced by r+a, a 
being any lattice vector. For this to be so it is necessary that the scalar pro- 
duct aeb should always be integral. Taking a successively as the basic vectors 
@1, @2, a3, we must therefore have aieb = pi, ageb = po, aseb = pz, where 
P1, P2, p3 are positive or negative integers or zero. The solution of these three 


equations has the form 
b= pibitpebe+psbs, (135.3) 


where the vectors b, are given in terms of the a; by 
by = aoXaz/v, be = as Xaj,/v, bs = a1 Xaz/v, Vv = a1¢8o Xz. (135.4) 


We have thus determined the possible values of the vector b. The summation 
in (135.2) is taken over all integral values of pi, po, Ds. 

Geometrically, the product v = a1ea_Xag represents the volume of the 
parallelepiped formed by the vectors aj, ae, a3, i.e. the volume of the unit cell; 


Tables for the Determination of Crystal Structures, Bell, London 1935. The latter also lists 
the equivalent points for each space group. 
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the products a; Xa, etc. represent the areas of the three faces of this cell. The 
vectors b, therefore have the dimensions of reciprocal length, and in magni- 
tude are equal to the reciprocal altitudes of the parallelepiped formed by the 
vectors a1, Ag, a3. 

From (135.4) it is seen that b; and a, are related by 


a,b; =0 if if k, 
Sul pak, (135.5) 
Hence the vector b; is perpendicular to ag and ag, and similarly for bz and bs. 

Having defined the vectors b,, we can formally construct a lattice with 
bi, be, bs as basic vectors. This is called the reciprocal lattice, and the vectors 
bi, be, bs are called the (basic) vectors of the reciprocal lattice. 

It is evident that the reciprocal lattice cell corresponding to a triclinic Bra- 
vais lattice will also be an arbitrary parallelepiped. Similarly, the reciprocal lat- 
tices of the simple Bravais lattices of the other systems are also simple lattices 
of the same system; for example, the reciprocal lattice of a simple cubic Bra- 
vais lattice also has a simple cubic cell. It is also easy to see by a straightfor- 
ward construction that the reciprocal lattices of the face-centred Bravais lattices 
(orthorhombic, tetragonal and cubic) are body-centred lattices of the corre- 
sponding systems, and conversely that the body-centred Bravais lattices have 
face-centred reciprocal lattices. Finally, base-centred lattices have reciprocal 
lattices which are also base-centred. 

Let us calculate the “volume”’ of the unit cell of the reciprocal lattice. This 
is v’ = biebeXbs3. Substitution of the expressions (135.4) gives 


1 
v= 3 Ao Xage(a3 Xai) X (a1 X ag) 


1 
= 3 (a2 Xageaj) (a3 Xa1°ao) 


= 1x, (135.6) 
Thus the volume of the unit cell of the reciprocal lattice is the reciprocal of 
that of the original lattice. 

An equation of the form ber = constant, where b is a given vector, repre- 
sents a plane perpendicular to the vector b and at a distance from the origin 
equal to the constant divided by b. Let us take the origin at any of the Bra- 
vais lattice points, and let b = pibi+pe2be+psbs be any vector of the recip- 
rocal lattice (pi, p2, ps being integers). Also writing r in the form r = m1ai+ 
+7282+N383, We obtain the equation of a plane: 


ber = m1pitnopetnsps = m, (135.7) 


where m is a given constant. If this equation represents a plane containing 
an infinity of Bravais lattice points (called a crystal plane), it must be satisfied 
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by a set of integers 11, m2, n3. For this to be so, the constant m must clearly be 
an integer also. For given p1, p2, Ps, when the constant m takes various integral 
values, equation (135.7) successively defines an infinity of crystal planes which 
are all parallel. A particular family of parallel crystal planes thus defined cor- 
responds to each reciprocal lattice vector. 

The numbers pi, po, ps in (135.7) can always be taken as mutually prime, 
i.e. as having no common divisor except unity. If there were such a divisor, 
both sides of the equation could be divided by it, leaving an equation of the 
same form. The numbers 71, 2, ps3 are called the Miller indices of the family 
of crystal planes in question and are written as (pipops). 

The plane (135.7) intersects the co-ordinate axes (taken along the basic 
lattice vectors a1, a2, as) at the points mai/p1, ma2/p2, ma3/p3. The ratio of 
the intercepts (measured in units of a1, a2, a3 respectively) is 1/p1: 1/pe2: 1/ps, 
i.e. they are in inverse proportion to the Miller indices. For instance, the 
Miller indices of planes parallel to the co-ordinate planes (i.e. having inter- 
cepts in the ratio oo: :1) are (100), (010), (001) for the three co-ordinate 
planes respectively. Planes parallel to the diagonal plane of the basic paral- 
lelepiped of the lattice have indices (111), and so on. 

It is easy to find the distance between two successive planes of the same 
family. The distance of the plane (135.7) from the origin is m/b, where b is the 
“length” of the reciprocal lattice vector concerned. The distance of the next 
plane from the origin is (m+1)/b, and the distance d between these two planes 
is (m+1)/b—m]/b, or 

d = 1/b. (135.8) 


It is the reciprocal of the length of the vector b. 


§136. Irreducible representations of space groups 


The physical applications of the theory of symmetry generally involve using 
the mathematical formalism of what are called representations of groups. In 
particular, such applications will be encountered in the next chapter. Since 
the symmetry of crystals will be involved, it is necessary to discuss first the 
question of the classification and method of constructing the irreducible rep- 
resentations of the space groups. 

Each space group contains a sub-group of translations comprising an infin- 
ity of all possible parallel displacements which leave the crystal lattice 
unchanged; this sub-group is the mathematical expression of the Bravais 
lattice of the crystal. The complete space group is obtained from this sub- 
group by adding m elements involving rotations and reflections, where n is 


t The reader is assumed familiar with group theory to the extent given, for example, in 
Quantum Mechanics, Chapter XII. 
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the number of symmetry transformations of the corresponding crystal class; 
we shall call these the “rotational” elements. Every element of the space group 
may be represented as the product of one of the elements of translational 
symmetry and one of the “rotational’’ elements. 

If the space group does not contain essential screw axes and glide planes 
(see below), the n rotational elements can be taken simply as the n symmetry 
transformations (rotations and reflections) of the crystal class; in this case 
these same elements also form a sub-group of the space group. In the contrary 
case, the rotational elements are rotations and reflections combined with a 
simultaneous translation through a certain fraction of one of the basic vec- 
tors of the lattice. In such space groups, the rotational elements of symmetry 
are “interlinked” with translations and do not themselves form a sub-group; 
for example, a repeated reflection in a glide plane is not an identical transfor- 
mation but a translation through one of the basic vectors of the lattice. 

Any irreducible representation of the space group can be given by a set of 
functions of the formt 


Pra = Uyge*?, (136.1) 
where the k are constant vectors, the u,, are periodic functions with the same 
periods as those of the lattice, and the suffix a = 1,2, ... labels functions 


_ with the same k. 

As a result of a parallel displacement, i.e. a transformation of the form 
r ~ r+a (where a is any vector of the lattice), the functions (136.1) are multi- 
plied by constants e“***. In other words, the matrices of translations are dia- 
gonal in the representation given by the functions (136.1). It is evident that 
two vectors k which differ by 2xb (where b is any vector of the reciprocal 
lattice) will give the same law of transformation of the functions $,, by trans- 
lations: since aeb is an integer, e?”*'” = 1. Such vectors k will be said to be 
equivalent. If we imagine the vectors k/2z drawn from a vertex of a reciprocal 
lattice cell to various points, the non-equivalent vectors will correspond to 
the points in one unit cell. 

By the application of a rotational element of symmetry, the function ¢,, 
is transformed into a linear combination of the functions ¢,,, with various 
values of « and a vector k’ which is obtained from k by means of the rotation 
or reflection in question, performed in the reciprocal lattice.t The set of all. 
(non-equivalent) vectors k which can be obtained from one another by the 
application of all n rotational elements of the group is called the star of the 
vector k. In the general case of arbitrary k the star contains n vectors. The 
functions ¢,, Which form the basis of an irreducible representation must 
always include functions having all the different vectors of the star of k: it is 

t The arguments below are due to F. Srrrz (1936). 


} In transforming the vector k in the reciprocal lattice, all axes and planes of symmetry 
must, of course, be treated as simple ones. 
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clear that, since functions with non-equivalent k are multiplied by different 
factors under translations, no choice of linear combinations of them can bring 
about a decrease in the number of functions which are transformed into 
combinations of one another. 

For certain values of k the number of vectors in its star may be less than n, 
since it may happen that some of the rotational elements of symmetry leave k 
unchanged or transform it into an equivalent vector. For example, if the vec- 
tor k is along an axis of symmetry, it is unchanged by rotations about this 
axis; a vector of the form k = ab,, where b, is one of the basic vectors of the 
reciprocal lattice, is transformed by inversion into the equivalent vector 
—7b; = mb, —~27b,. 

The set of rotational elements of symmetry (regarded as all being simple) 
which appear in a given space group and which do not alter the vector k 
(or which transform it into an equivalent vector) will be called the proper 
symmetry group of the vector k, or simply the group of k; it is one of the 
ordinary point symmetry groups. . 

Let us first consider the simple case where the space group includes no 
screw axes or glide planes. The base functions of an irreducible representation 
of such a group can be written as products 


Pix = Uses (136.2) 


where the u, are periodic functions and the y, are linear combinations of the 
expressions e**'* (with equivalent k) invariant with respect to the transforma- 
tions in the proper symmetry group of the vector k; in (136.2) this vector 
takes all the values in its star. In translations the periodic functions u, are 
unchanged, but the functions p,, and therefore the ¢,,, are multiplied by e*"*. 
In rotations and reflections belonging to the group of k, the functions y, are 
unchanged but the functions u, are transformed into combinations of one 
another. Thus the functions u, give one of the irreducible representations of 
the point group of k, these being called in this connection small representa- 
tions. Finally, rotational elements which are not in the group of k transform 
sets of functions (136.2) with non-equivalent k into combinations of one 
another. The dimension of the representation of the space group thus con- 
structed is equal to the number of vectors in the star of k multiplied by the 
dimension of the small representation. 

Thus the problem of finding all irreducible representations of space groups 
(having no screw axes or glide planes) reduces entirely to the classification of 
the vectors k with respect to their proper symmetry and the known problem 
of discovering the irreducible representations of finite point groups. 

Let us now consider space groups which have screw axes or glide planes. 
The presence of such elements of symmetry is still unimportant if the vector k 
is such that it remains unchanged (i.e. is not transformed into an equivalent 


§136 Irreducible Representations of Space Groups 421 


vector) under all the transformations in its group.t In this case the corre- 
sponding representations are again given by functions of the form (136.2), in 
which the u, form the basis of a representation of the point group of the vec- 
tor k. The only difference from the previous case will be that under rotational 
transformations the functions yp, = eT in ( 136.2) will not remain unchanged, 
but will be multiplied by e****, where 7 is the part of the lattice period through 
which the translation occurs which pertains to a screw axis or glide plane. 

For all other values of k, functions of the form (136.2) become inappli- 
cable. In a rotational transformation with a simultaneous translation tT, 
functions e‘** with equivalent but different values of k are multiplied by differ- 
ent factors (since bet is not integral), and therefore their linear combina- 
tions p, will not be transformed into combinations of one another. 

In such cases it is no longer possible to consider the rotational elements and 
the translations separately, but of the infinity of translations it is sufficient 
to consider a finite number only. We shall call the extended group of the vec- 
tor k the group consisting of the corresponding rotational transformations 
(together with the relevant translations through fractions of a period t) and 
those translations for which kea/2z is not integral; the translations for which 
kea/2zis integral are regarded as identical transformations. The functions Pica 
which give irreducible representations of the finite group thus formed, toge- 
ther with the corresponding functions ¢,-, for other vectors in the star of k, 
give irreducible representations of the space group. The dimension of these 
representations is equal to the dimension of the representation of the extended 
group of the vector k, multiplied by the number of vectors in the star. 

This procedure will now be demonstrated for a specific example. In order to 
characterise explicitly the elements of the space group, it is convenient to 
denote them by symbols (P|t), where P is any rotation or reflection, and t the 
vector of a simultaneous translation; the effect of this element on the radius 
vector r of any point is shown by (P|t)r = Pr+t. The multiplication of ele- 
ments follows the obvious rule (P’ |t’) (P|t) = (P’P| P’t+t’). In particular, the 
element inverse to (P| t) is (P|t)~1 = (P-1|—P~1t). 

Let us consider the space group (D3,) which corresponds to the simple 
orthorhombic Bravais lattice and contains the following rotational elements: 


(1 | 0), (C* | 0), (CY |0), (C,? | 0), 
(|z),  (o,|7), (o,|7), (o,|t), 


the x, y and z axes being taken along the three basic vectors of the lattice; 


t = 4(a1+a2+az); the axes of symmetry Ce are simple axes but the planes o 
perpendicular to them are glide planes. 


t This always includes, in particular, the vector k = 0 and a vector ina general position 
in which the unit element of its group is the identical transformation. 
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Let us take, for example, the vector k/2a = (4, 0, 0); the three numbers in 
parentheses give the components of the vector along the x, y and z axes, 
measured in units of the edge lengths (6, = 1/a,) of the reciprocal lattice cell. 
Its proper symmetry includes all the axes and planes of the point group D,,, 
and so this vector is its own star. The only translation (other than multiples 
of itself) with k.a/2z not integral is the translation (1|a1). Thus we obtain a 
group of 16 elements in 10 classes as shown in the upper line in Table 2; for 
brevity the rotational elements are denoted simply by Cy, o, J, and the trans- 
lation (1|a1) by ay. The fact that the elements C,” and aiC,", for example, are 
conjugate (i.e. belong to the same class) may be seen as follows. We have 


(1 | x)-(C | O)U |r) = |—4)(C2” | 0) |r) 
= (J|—1)(C247 | Co") 
= (CY |—t+ Cer). 

But 
CYt = 4(—aitag—as), 


—t+Colrt = —a1—az 
= a,—(2a1+4s), 


and, since translations through a3 and 2a; must be regarded as identical trans- 
formations, we have 


(I| t)-4(C,"|0)Z| 7) = (Cy"| a). 


Table 2 
CY C7 I Ox Oy 0, 
1 Qi C'2* a,C* 
ayC" aiC,* aul a0 x a0, a0, 
ye 2 —2 2 -2 0 0 0 0 0 0 
rs 2 —2 -—2 2 0 0 0 0 0 0 


From the numbers of elements and classes in the group we find that it has 
8 one-dimensional and 2 two-dimensional irreducible representations (8+ 1?+ 
+2-22 = 16). All the one-dimensional representations are obtained from 
representations of the point group D,,, the translation a; being assigned 
the character y(a1) = 1. These representations, however, occur here as 
“spurious” representations and must be rejected. They do not solve the 
problem in question: their base functions are invariant under all translations, 
whereas the functions e**? with given k are certainly not invariant with 
respect to the translation a,. Thus there remain only two irreducible 


+ Two elements A and B are said to be conjugate if A = C~1BC, where C is another 
element of the group. 
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representations, whose characters are shown in Table 2.t The base functions 
of these representations can be taken as 


I'y:cosmx, sin 7x, 
I'2: cos 2x cos 27y, sin 2x cos 2ny. 


Let us also consider the representations corresponding to the star of two 
vectors (4, 0, x), 4, 0, -x) with proper symmetry C,, (the axis C2 being along 
the z-axis); x is an arbitrary number between 0 and 1 (other than 4). The ex- 
tended group of k contains 8 elements in 5 classes (Table 3). (The dependence 
of the base functions of the representations of this group on the co-ordinate 
z reduces to a common factor e’” or e~**, which is invariant under all trans- 
formations of the group; it is therefore unnecessary to extend the group by 
translations along the z-axis.) There are 4 one-dimensional and 1 two-dimen- 
sional representation of this group.t The one-dimensional representations 
must be rejected for the same reasons as previously, leaving only one repre- 
sentation, whose characters are shown in Table 3. Its base functions can be 


taken as 
ett? cos 1x, etx sin 2x, 


with the plus sign in the exponent for the vector (4, 0, x) and the minus sign 
for the vector (4, 0, — x); the complete irreducible representation of the whole 
space group is four-dimensional, and is given by all four of these functions 
together. 


Table 3 
C? Ox Oy 
1 ai 
a1Cy’ a0, a0, 
2 —2 0 0 0 


t This group is isomorphous with the “double” point group D.,’; see Quantum Mechan- 
ics, §99. 
{ It is isomorphous with the “double” point group D,’. 
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CHAPTER XIV 


PHASE TRANSITIONS OF THE SECOND KIND 


§137. Phase transitions of the second kind 


IT HAS already been mentioned in §83 that the transition between phases of 
different symmetry (crystal and liquid; different crystal modifications) cannot 
occur in a continuous manner such as is possible for a liquid and a gas. In 
every state the body has either one symmetry or the other, and therefore we 
can always assign it to one of the two phases. 

The transition between different crystal modifications is usually effected by 
means of a phase transition in which there is a sudden rearrangement of the 


crystal lattice and the state of the body changes discontinuously. As well as 
such discontinuous transitions, however, another type of transition involving 
a change of symmetry is also possible. 

To elucidate the nature of these transitions, let us consider a specific 
example. At high temperatures, BaTiOs has a cubic lattice whose unit cell is 
as shown in Fig. 61 (the barium atoms are at the vertices, the oxygen atoms at 
the centres of the faces, and the titanium atoms at the centres of the cells). As 
the temperature decreases below a certain value, the titanium and oxygen 
atoms begin to move relative to the barium atoms parallel to an edge of the 
cube. It is clear that, as soon as this movement begins, the symmetry of the 
lattice is affected, and it becomes tetragonal instead of cubic. 

This example is typical in that there is no discontinuous change in state of 
the body. The configuration of atoms in the crystal’ changes continuously. 


t To simplify the discussion, we shall conventionally speak of the configuration of the 
424 
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However, an arbitrarily small displacement of the atoms from their original 
symmetrical positions is sufficient to change the symmetry of the lattice. The 
resulting transition from one crystal modification to another is called a 
phase transition of the second kind, in contrast to ordinary phase transitions, 
which in this case are said to be of the first kind.* 

Thus a phase transition of the second kind is continuous in the sense that 
the state of the body changes continuously. It should be emphasised, however, 
that the symmetry, of course, changes discontinuously at the transition point, 
and at any instant we can say to which of the two phases the body belongs. 
But whereas at a phase transition point of the first kind bodies in two different 
states are in equilibrium, the states of the two phases are the same at a tran- 
sition point of the second kind. 

As well as cases where the change in symmetry of the body occurs by a dis- 
placement of the atoms (as in the example given above), the change in sym- 
metry in a phase transition of the second kind may result from a change in 
the ordering of the crystal. It has already been mentioned in §61 that the con- 
cept of ordering arises if the number of lattice points that can be occupied by 
atoms of a given kind exceeds the number of such atoms. We shall use the 
word “own” for the places occupied by atoms of the kind in question in acom- 
pletely ordered crystal, in contrast to the “other” places which are taken by 
some of the atoms when the crystal becomes disordered. In many cases, 
which will be of interest in connection with transitions of the second kind, 
it is found that the “own” and “other” lattice sites are geometrically identical 
and differ only in that they have different probabilities of containing atoms of 
the kind in question.t If now these probabilities become equal (they will not 
be unity, of course), all such sites become equivalent, and therefore new sym- 
metry elements appear, i.e. the symmetry of the lattice is increased. Such a 
crystal will be said to be disordered. 

The foregoing may be illustrated by an example. The completely ordered 
alloy CuZn has a cubic lattice with the zinc atoms at the vertices, say, and the 
copper atoms at the centres of the cubic cells (Fig. 62a; a simple cubic Bra- 
vais lattice). When the alloy is heated and becomes disordered, copper and 
zinc atoms change places, i.e. non-zero probabilities of finding atoms of 
either kind exist at every lattice site. Until the probabilities of finding copper 
(or zinc) atoms at the vertices and at the centres of the cells become equal 


atoms or its symmetry as if the atoms were at rest. In reality we should speak of the pro- 
bability distribution for various configurations of the atoms in space, and of the symmetry 
of this distribution. 

t+ Phase transition points of the second kind are also called Curie points or A points. 

+ We may note that in this case it can always be assumed that the probability of finding 
an atom at one of its “own” sites is greater than at one of the “other” sites simply because, 
if it were not, we could transpose the nomenclature of the sites. 
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(that is, while the crystal is ordered but not completely ordered), these sites 
remain non-equivalent, and the symmetry of the lattice is unchanged. But ' 
when the probabilities become equal, all sites become equivalent, and the 
symmetry of the crystal is raised: a new lattice vector appears, from a vertex 
to the centre of a cell, and the crystal acquires a body-centred cubic Bravais 
lattice (Fig. 62b). 


(a) 


For each state of ordering we can define a quantitative characteristic, the 
degree of ordering n, such that it is zero in a disordered phase, and takes vari- 
ous positive or negative non-zero values in crystals with various degrees of 
ordering. For instance, in the above example of the alloy CuZn, this quantity 
may be defined as 

1 = (Wou—Wzn)/(Wout Waa); 


where wg ,, and wz, are the probabilities of finding a copper atom and a zinc 
atom respectively at any given lattice site. 

It must again be emphasised that the symmetry of the crystal is changed 
(namely, increased) only when 7 becomes exactly zero; any non-zero degree of 
ordering, however small, brings about the same symmetry as that of a com- 
pletely ordered crystal. 

If, as the temperature is increased, the degree of ordering becomes zero 
discontinuously from some finite value, the change from an ordered to a 
disordered crystal will be a phase transition of the first kind, but if the degree 
of ordering becomes zero continuously, we have a phase transition of the 
second kind.t 


t Cases are in principle possible where the occurrence of ordering does not cause a 
change in the symmetry of the crystal. A phase transition of the second kind is then im- 
possible: even if the transition from the ordered to the disordered state of the crystal were 
to occur continuously, there would still be no discontinuity of specific heat (see below). 
In such cases a phase transition of the first kind is, of course, possible. 

The statement occurs in the literature that there is a relation between phase transitions 
of the second kind and the appearance of rotating molecules (or radicals) in the crystal. 
This view is incorrect, since at a transition point of the second kind the state of the body 
must change continuously, and so there can be no sharp change in the nature of the motion. 
If a phase transition which involves rotations of molecules in the crystal is considered, the 
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So far we have discussed only transitions between different crystal modifi- 
cations, but phase transitions of the second kind need not necessarily involve 
a change in symmetry of the configuration of atoms in the lattice. A transition 
of the second kind can also bring about a transformation between two phases 
differing in some other property of symmetry, as for example at the Curie 
points of ferromagnetic substances (the points at which they become para- 
magnetic). In this case there is a change in symmetry of the arrangement of 
the elementary magnetic moments in the body, or more precisely a dis- 
appearance of the currents j in it; see the first footnote to §128. Other phase 
transitions of the second kind are the transition of a metal to the super- 
conducting state (in the absence of a magnetic field) and that of liquid helium 
to the superfluid state. In both these cases the state of the body changes con- 
tinuously, but it acquires a qualitatively new property at the transition point. 

Since the states of the two phases are the same at a transition point of the 
second kind, it is clear that the symmetry of the body at the transition point 
itself must contain all the symmetry elements of both phases. It will be shown 
below that the symmetry at the transition point itself is the same as the sym- 
metry everywhere on one side of that point, i.e. the symmetry of one of the 
phases. Thus the change in symmetry of the body in a phase transition of the 
second kind has the following very important general property: the symmetry 
of one phase is higher than that of the other.t It should be emphasised that 
in a phase transition of the first kind the change in symmetry of the body is 
subject to no restriction, and the symmetries of the two phases may be unre- 
lated. 

In the great majority of the known instances of phase transitions of the 
second kind, the more symmetrical phase corresponds to higher tempera- 
tures and the less symmetrical one to lower temperatures. In particular, a 
transition of the second kind from an ordered to a disordered state always 
occurs with increasing temperature. This is not a law of thermodynamics, 
however, and exceptions are therefore possible. 

The absence of any discontinuous change of state at a phase transition 
point of the second kind has the result that the thermodynamic functions of 


difference between the two phases must be that in the more symmetrical phase the proba- 
bilities of different orientations of the molecules are equal, while in the less symmetrical 
one they are different. 

t It will be recalled that the term “higher symmetry” refers to a symmetry which includes 
all the symmetry elements (rotations, reflections and translational periods) of the lower 
symmetry, together with additional elements. 

The condition mentioned is necessary but not sufficient for a phase transition of the 
second kind to be possible; we shall see later that the possible changes of symmetry in such 
a transition are subject to further restrictions. 

t One exception, for example, is the “lower Curie point” of Rochelle salt, below which 
the crystal is orthorhombic, but above which it is monoclinic. 
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the state of the body (its entropy, energy, volume, etc.) vary continuously as 
the transition point is passed. Hence, in particular, a phase transition of the 
second kind, unlike one of the first kind, is not accompanied by evolution or 
absorption of heat. We shall see below, however, that the derivatives of these 
thermodynamic quantities (i.e. the specific heat of the body, the thermal 
expansion coefficient, the compressibility, etc.) are discontinuous at a transi- 
tion point of the second kind. 

We must expect that mathematically a phase transition point of the second 
kind is a singularity of the thermodynamic quantities, and in particular of the 
thermodynamic potential ®; the nature of this singularity is not yet known. 
In order to see this, let us first recall that (see §83) a phase transition point 
of the first kind is not a singularity; it is a point at which the thermodynamic 
potentials ®,(P, T) and ®,(P, T) of the two phases are equal, and each of the 
functions ®, and ®, on either side of the transition point corresponds to an 
equilibrium (though possibly metastable) state of the body. In a phase 
transition of the second kind, however, the thermodynamic potential of each 
phase, if formally regarded on the far side of the transition point, corresponds 
to no equilibrium state, i.e. to no minimum of ®; we shall see in §138 that the 
thermodynamic potential of the more symmetrical phase would indeed cor- 
respond to a maximum of @ beyond the transition point. 

This last result implies that superheating and supercooling effects are 
impossible in phase transitions of the second kind (whereas they can occur in 
ordinary phase transitions). In this case neither phase can exist beyond the 
transition point (here we ignore, of course, the time needed to establish the 


equilibrium distribution of atoms, which in solid crystals may be consider- 
able). 


PROBLEM 


Let ¢ be the concentration of atoms of one component of a binary solid solution, and 
cq the concentration of these atoms’ “own” sites. If ¢ ~ cy the crystal cannot be completely 
ordered. Assuming the difference e—cy small and the crystal almost completely ordered, 
determine the concentration A of atoms at “other” sites, expressing it in terms of the value 
Ay Which it would have at c = cy for given P and T (C. WAGNER and W. ScuHoTrTxKy 1930). 

SOLUTION. Considering throughout only the atoms of one component, we use the con- 
centration A of atoms at “other” sites and the concentration 4’ of their “own” sites not 
occupied by these atoms; concentrations are defined with respect to the total number of 
all atoms in the crystal. Clearly 

c— ly = AK, (1) 


We shall regard the crystal as a “solution” of atoms at “other” sites and of “own” 
sites not occupied by atoms, the “solvent” being represented by atoms at their “own” 
sites. The transition of atoms from “other” to their “own” sites can then be regarded as a 
“chemical reaction” between the “solutes” (with small concentrations A and A’) to form 
the “solvent” (with concentration = 1). Applying to this “reaction” the law of mass action, 
we obtain Ad’ = K, where K depends only on P and T. For c = cg we must have A = j/= Ay; 
hence K = 4,?, and so 

AN SAS. (2) 
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From (1) and (2) we find the required concentrations: 


A = (cep) + V{(c— 0)? +4407} 
W = 4 —(c— cy) + V{(e— C0)? +4407]. 


§138. The discontinuity of specific heatt 


To give a mathematical description of a phase transition of the second kind, 
we define a quantity 1 which is to represent the extent to which the configura- 
tion of the atoms in the less symmetrical phase differs from that in the more 
symmetrical phase; in the latter phase 7 = 0, and in the less symmetrical 
phase 7 has positive or negative values. For example, in transitions which 
involve a change in the ordering of the crystal, 7 may be taken as the degree 
of ordering; in transitions where there is a movement of the atoms (as in 
BaTiO3t), 7 may be taken as the amount of displacement, and so on. 

For brevity we shall arbitrarily call the more symmetrical phase simply the 
symmetrical one, and the less symmetrical phase the unsymmetrical one. 

Considering the thermodynamic quantities of the crystal for given devia- 
tions from the symmetrical state (i.e. for given ), we can represent the thermo- 
dynamic potential ® as a function of P, T and 4. Here it must of course be 
remembered that in the function ®(P, T, y) the variable 7 is in one sense not 
on the same footing as the variables P and T: whereas the pressure and tem- 
perature can be specified arbitrarily, the value of 1 which actually occurs 
must itself be determined from the condition of thermal equilibrium, i.e. the 
condition that ® is a minimum (for given P and T). 

The continuity of the change of state in a phase transition of the second 
kind is expressed mathematically by the fact that the quantity 7 takes arbi- 
trarily small values near the transition point. Considering the neighbourhood 
of this point, we expand ®(P, T, 7) in powers of 7: 


O(P, T, n) = Potant An?t+ Bye+Crit+..., (138.1) 


where the coefficients «, A, B, C, ... are functions of P and T. 

It must be emphasised, however, that the possibility of such an expansion 
is by no means obvious a priori. Moreover, since, as already mentioned, a 
transition point of the second kind must be a singularity of the thermodynamic 
potential, there is every reason to suppose that such an expansion can not 
be continued to terms of arbitrarily high order, and that the expansion coeffi- 
cients can have singularities as functions of P and 7. A complete elucidation 
of the nature of the singularity of the thermodynamic potential at the 


t The theory given in this and the following sections is due to L. D. LANpDau (1937). 

t To avoid misunderstanding it may be noted that in the particular case of BaTiO, 
the displacement of the atoms has a small but finite discontinuity at the transition point, 
and so the transition is in fact of the first kind. 
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transition point offers great difficulties and has not yet been achieved. 
Here we shall give a theory based on the assumption that the presence of the 
singularity does not affect the terms of the expansion that are used. Until an 
exhaustive theory is developed it is difficult to say which of the results thus 
obtained may undergo modification, and to what extent. 

It can be shown (see §139) that, if the states with n = 0 and 7 = 0 are of 
different symmetry (as we assume), the first-order term in the expansion 
(138.1) is identically zero: « = 0. The coefficient A(P, T) in the second-order 
term is easily seen to vanish at the transition point, since in the symmetrical 
phase the value 7 = 0 must correspond to a minimum of 9, and for this to 
be so it is evident that A > 0 is necessary, while on the other side of the 
transition point, in the unsymmetrical phase, non-zero values of 7 must 
correspond to the stable state (i.e. to the minimum of ®), and this is possible 


Fic. 63 


only if A < 0; Fig. 63 shows the form of the function ®(n) for A < 0 and 
A > 0. Since A is positive on one side of the transition point and negative 
on the other, it must vanish at the transition point itself: 


AAP, T) = 0, (138.2) 


where the suffix c refers to the transition point. 

But if the transition point itself is a stable state, ie. if © as a function of 
7 is a minimum at 7 = 0, it is necessary that the third-order term should be 
zero and the fourth-order term positive there: 


B(P,T)=0,  CAP,T)>0. (138.3) 


The coefficient C, being positive at the transition point, is of course also 
positive in the neighbourhood of that point. 

Two cases can occur. In one, the third-order term is identically zero owing 
to the symmetry of the crystal: B(P, T) = 0. Then there remains at the transi- 
tion point only the one condition A(P, T) = 0, which determines P as a 
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function of T or vice versa. Thus in the PT-plane there is a line of phase 
transition points of the second kind.” 

If, however, B is not identically zero, the transition points are determined 
by the two equations A(P, T) = 0, B(P, T) = 0. In this case, therefore, the 
continuous phase transitions occur only at isolated points. 

The most interesting case is, of course, that where there is a line of 
continuous-transition points. In what follows we shall take the discussion of 
phase transitions of the second kind to refer only to this case, which will now 
be considered.t That is, we shall suppose that B(P, T) = 0 and the expansion 
of the thermodynamic potential has the form 


@(P, T, 1) = GAP, T)+ ACP, Ty? +C(P, T)yt+.... (138.4) 


Here C > 0, while A > 0 in the symmetrical phase and A < 0 in the un- 
symmetrical phase; the transition points are determined by the equation 
A(P, T) = 0. : 

If we consider a transition at a given value of the pressure, then near the 
transition point (the temperature of which is denoted by T,) we can write 


A(T) = a(T—T,), (138.5) 


where a = [04/07]7W7, is a constant. The coefficient C(T) can be put simply 
- equal to a constant C(T,). 

The dependence of 7 on the temperature near the transition point, in the 
unsymmetrical phase, is determined from the condition for ® to be a mini- 
mum as a function of 7. Equating the derivative 0®/0 to zero, we obtain 
7(A+2Cn?) = 0, and hence 


1 = —A/2C = a(T,—T)/2C; (138.6) 


the solution 7 = 0 corresponds to the symmetrical phase.!! 
Next, let us determine the entropy of the body near the transition point. 
Neglecting higher powers of 7, we have from (138.4) 


S = —00/0T = So—(0A/0T)r?, 


where So = —0O@o/07; the term containing the temperature derivative of 7 is 
zero, because 0®/0n = 0. In the symmetrical phase 7 = 0 and S = Sp; in 


t The condition that there is no term in 7° in the expansion (138.1) is in fact necessary 
but not sufficient for phase transitions of the second kind to be possible; see the sixth foot- 
note to §139. 

{It can be shown (L. LANDAU, Zhurnal éksperimental’noi i teoreticheskoi fiziki 7, 627, 
1937; translation in Collected Papers of L. D. Landau, p. 209, Pergamon, Oxford 1965) 
that a phase transition of the second kind between a liquid and a solid (crystal) is always 
impossible, since there is a third-order term in the expansion of the thermodynamic po- 
tential. 

I! It should be noted that for A < 0 the value 7 = 0 would correspond to a maximum 
of ®, 
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the unsymmetrical phase 7? = —A/2C and 
A OA 
2C oT 
At the transition point itself this expression becomes So, and the entropy is 
therefore continuous, as it should be. 

Finally, let us determine the specific heats C, = T(OS/0T)p of the two 
phases at the transition point. For the unsymmetrical phase we have, differ- 
entiating (138.7), 


2 
S = Sot = So+ sa (TT). (138.7) 


Cp = Cop t+ @T,/2C. (138.8) 
For the symmetrical phase S = So, and therefore C, = C9. Thus we con- 
clude that the specific heat is discontinuous at a phase transition point of the 
second kind. Since C > 0, C, > Cy at the transition point, i.e. the specific 
heat is greater in the unsymmetrical phase than in the symmetrical one. 

Other quantities besides C, are discontinuous: C,, the thermal expansion 
coefficient, the compressibility, etc. There is no difficulty in deriving relations 
between the discontinuities of all these quantities. First of all we note that the 
volume and the entropy are continuous at the transition point, i.e. their 
discontinuities JV and AS are zero: 

AV = 0, AS = 0. 
We differentiate these equations with respect to temperature along the curve 
of transition points, i.e. assuming the pressure to be the function of 
temperature given by this curve. The result is 
A(OV/O8T)p+(dP/dT)A(8V/OP)r = 0, 
AC,/T—(dP/dT)A(OV/8T)p = 0, 
since (0S/OP), = —(OV/0T)p. These two equations relate the discontinuities 
of the specific heat C,, the thermal expansion coefficient and the compressi- 
bility at a phase transition point of the second kind (W. H. Kegsom, and 
P. EHRENFEST, 1933). 

Differentiating along the curve of transition points the equations 4S = 0 
and AP = 0 (the pressure is, of course, unchanged in the transition), but with 
temperature and volume as independent variables, we find 

A(OP/OT)y +(dV/dT)A(OP/OV)7 = 0, 
AC,/T+(dV/dT)A(OP/OT)y = 0. 

From (138.9) and (138.10) we can express the discontinuities of Cyr Cos 

(OP/0T), and (OV/OT)p in terms of that of (O@V/OP)-: 
A(OV/OT)p = —(dP/dT)A(OV/OP)-z, 
AC, —T(dP/dT)?A(OV/OP)z, 
AP/AT)y = —(4V/4T)A[1/(BV/AP)r], 
uC = T(dV/dT)4[1/(0V/OP)7]. 


(138.9) 


(138.10) 


(138.11) 


II 
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We may note that, according to these formulae, the discontinuities of the 
specific heat C,, and the compressibility —(6 V/OP), have the same sign. Hence 
it follows, from the previous statement about the discontinuity of the specific 
heat, that the compressibility decreases discontinuously on going from the 
unsymmetrical to the symmetrical phase. 

The foregoing thermodynamic theory (with the reservation made at the 
beginning of this section) answers the problem of the nature of the changes in 
the thermodynamic quantities in a continuous transition between phases of 
different symmetry. We see that the first derivatives of quantities such as 
entropy and volume must be discontinuous in a transition of this type.t 


PROBLEM 


Find the relation between the discontinuities of specific heat and heat of solution in a 
transition of the second kind in a solution (I. M. Lrrsurrz 1950). 

SOLUTION. The heat of solution per molecule of solute is given by g = OW/On— wo’, 
where W is the heat function of the solution and w,’ the heat function per particle of the 
pure solute. Since wy,’ is not affected by the phase transition in solution, we have for the 
discontinuity of qg 


"Aq = A@eW/en) = 42 se (o- re) — _TA(8*®/an aT), 
where we have used the fact that the chemical potential u’ = 6®/6n is continuous at the 
transition. On the other hand, differentiation of the equation A(@®/8T) = 0 (continuity of 
entropy) along the curve of the transition temperature as a function of the concentration 
c at constant pressure gives 
d7, ,0?® o®@ 


ade Aare +4 nar = 


Hence we have the required relation 
N Aq = (dT)/de) AC,. 


We may note that in the derivation of this relation no assumption has been made concern- 
ing the concentration of the solution. 


§139. Change in symmetry in a phase transition of the second kind 


In the theory given in §138 we have considered a phase transition of the 
second kind with some definite change in symmetry of the body, assuming a 
priori that such a transition is possible. Such a theory, however, does not say 
whether a given change of symmetry can in fact occur by a transition of the 
second kind. The theory developed in the present section is designed to answer 
this question; it starts from a different statement of the problem, whereby a 
certain symmetry of the body at the transition point itself is specified, and we 
ask what symmetry is possible on either side of this point. 


t This renders pointless a discussion of transitions involving discontinuities only of 
higher-order derivatives. 
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For definiteness, we shall speak of phase transitions involving a change in 
structure of the crystal lattice, i.e. a change in the symmetry of the configura- 
tion of atoms in it. Let o(x, y, z) be the “density function” (defined in §128), 
which gives the probability distribution of various positions of the atoms in 
the crystal. The symmetry of the crystal lattice is the set or group of all 
transformations of the co-ordinates under which the function 0(x, y, Z) is 
invariant. Here we mean, of course, the complete symmetry of the lattice, 
including rotations, reflections and also the infinite (discrete) set of all pos- 
sible parallel displacements (translations); that is, we are concerned with one 
of the 230 space groups. 

Let Go be the symmetry group of the crystal at the transition point itself. 
As we know from group theory, an arbitrary function o(x, y, z) can be rep- 
resented as a linear combination of several functions $1, ¢e, ... having the 
property of being transformed into combinations of one another by all the 
transformations in the group concerned. In general the number of these 
functions is equal to the number of elements in the group, but when the 
function 0 itself has a certain symmetry the functions @; may be fewer in 
number. 

Bearing this in mind, we write the density function 0(x, y, z) of the crystal 


as the sum 
G= > CiPis 


i 


where the functions ¢, are transformed into combinations of one another by 
all transformations in the group Go. The matrices of these transformations 
form a representation of the group Go. The choice of the functions @; is not 
unique; they can obviously be replaced by any linear combinations of them- 
selves. The functions @; can always be so chosen as to form a number of 
independent sets containing the minimum number of functions, the functions 
in each set being transformed only into combinations of one another by all 
transformations in the group Go. The matrices of the transformations of the 
functions in each of these sets form irreducible representations of the group 
Go, and the functions themselves are the basis of these representations. Thus 
we can write 


e= Vd aM, (139.1) 
ni 


n being the number of the irreducible representation and i the number of the 
function in its basis. In what follows we shall assume the functions ¢,™ to be 
normalised in some definite manner. 

The functions ¢,™ always include one which is invariant under all the 
transformations in the group Gp and gives what is called the unit representa- 
tion of the group. Thus this function (which we denote by go) has the 
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symmetry of Go. Denoting the remaining part of 0 by 60, we can write 


o=o0t60, d0=)' dco, (139.2) 
n 2 

where now the unit representation is excluded from the summation (as 
indicated by the prime to the summation sign). The function 6g has a lower sym- 
metry than that of Gio, since dg may also remain invariant under some trans- 
formations in this group but certainly does not do so under all. We may note 
that the symmetry G of the function @ (which clearly is the symmetry of 
60) has, strictly speaking, been assumed from the start to be lower than that 
of Go, since otherwise the sum (139.1) would include only one term, the 
function 0 itself, which gives the unit representation. 

Some of the irreducible representations of the space group may be complex 
(i.e. the transformations of the group transform the base functions into linear 
combinations of one another with complex coefficients). Each such represen- 
tation is accompanied by its complex conjugate representation (given by the 
complex conjugate functions). Since the physical density 60 must be real 
and must remain real under all transformations, it is clear that two complex 
conjugate irreducible representations must be physically regarded as one rep- 
resentation of twice the dimension (number of base functions). The density 
do must be a real linear combination of all these complex conjugate functions. 
Throughout the following discussion we shall assume that this is so and that 
the functions ¢, are taken to be real." 

The thermodynamic potential ® of a crystal whose density function @ is 
given by (139.2) is a function of temperature, pressure and the coefficients 
c,™ (and depends, of course, on the specific form of the functions ¢,™ them- 
selves). The actual values of the c; as functions of P and T are determined 
thermodynamically from the conditions of equilibrium, i.e. the conditions 
for ® to be a minimum. This determines also the symmetry G of the crystal, 
since it is clear that the symmetry of the function (139.2), with functions ¢; 
whose laws of transformation are known, is determined by the values of the 
coefficients in the linear combination of the ¢,;™. 

If the crystal is to have the symmetry Gp at the transition point itself, it is 
necessary that all the c, should be zero there, ic. 69 = 0, @ = Qo. Since 
the change in state of the crystal in a phase transition of the second kind is 
continuous, 69 must tend continuously to zero at the transition point, not 
discontinuously, i.e. the coefficients c,‘") must tend to zero through arbitrarily 


t The method of constructing irreducible representations of the space groups has been 
discussed in §136. The remark just made shows that to obtain the “physically irreducible” 
(real) representations we must include in the star of k the vector —k as well as each k. 
In other words, in order to obtain the whole required star of k we must apply to some 
initial k all the elements of the ane class, together with a centre of symmetry if this is 
not already present. 
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small values near the transition point. Accordingly, we can expand the poten- 
tial O(P, T, c;) in powers of the c, near the transition point. 

First of all let us note that, since the functions ¢,\” (belonging to the basis 
of each irreducible representation) are transformed into combinations of one 
another by the transformations in the group Go, these transformations can 
be regarded as transforming (in the same manner) the coefficients c,”) instead 
of the functions @,. Next, since the thermodynamic potential of the body 
must obviously be independent of the choice of co-ordinates, it must be 
invariant under any transformation of the co-ordinate system, and in partic- 
ular under the transformations of the group Go. Thus the expansion of ® 
in powers of the c,) can contain in each term only an invariant combination 
of the c, that is of the appropriate power. 

No linear invariant can be formed from quantities which are transformed 
according to a (non-unit) irreducible representation of a group.' Only one 
second-order invariant exists for.each representation: a positive-definite form 
in the c,, which can always be reduced to a sum of squares. 

Thus the leading terms in the expansion of © are of the form 


@ = Dot YAM Y [ohMP, (139.3) 


where the A™ are functions of P and T. 

At the transition point itself, the crystal must have the symmetry Go, i.e. 
the equilibrium values of the c, must be zero. It is evident that ® can have 
a minimum when every c,‘”) = 0 only if all the 4™ are non-negative. 

If all the A™ were positive at the transition point, they would also be 
positive near that point, so that the c,“ would remain zero and there would 
be no change of symmetry. For some c,'” to be non-zero, i.e. for the sym- 
metry of the body to change, one of the coefficients A™ must change sign, 
and this coefficient must therefore vanish at the transition point. (Two 


t For otherwise that representation would contain the unit representation, i.e. would be 
reducible. 

t Strictly speaking, this condition should be more accurately stated as follows. The 
coefficients A“) depend, of course, on the particular form of the functions ¢,, being quad- 
ratic functionals of these which depend on P and 7 as parameters. On one side of the tran- 
sition point, all these functionals A“™{p;™; P, T} are positive-definite. The transition point 
is defined as that at which (as P or T varies gradually) one of the A™ can vanish: 


AMD”; P, T} = 0. 


This vanishing corresponds to a definite set of functions ¢;™, which may in principle be 
determined by solving the appropriate variational problem. These will also be the functions 
¢,™ which determine the change dg at the transition point. Substituting these functions 
in A™},; P, T}, we obtain just the function A(P, T) which satisfies the condition of 
vanishing at the transition point. The functions ¢,) may then be regarded as given, as will 
be assumed below; the allowance for the variation of the ¢, with P and T would lead to 
correction terms of higher order than those of interest here. 
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coefficients A can vanish simultaneously only at an isolated point in the 
PT-plane, which is the intersection of more than one line of transitions of the 
second kind.) 

Thus on one side of the transition point all the A™ > 0, and on the other 
side one of the coefficients A™ is negative. Accordingly, all the c, are always 
zero on one side of the transition point, and on the other side non-zero c,™ 
appear. We conclude, therefore, that on one side of the transition point the 
crystal has the higher symmetry Go, which is retained at the transition point 
itself, while on the other side of the transition point the symmetry is lower, 
and so the group G is a sub-group of the group Go. 

The change in sign of one of the A™ causes the appearance of non-zero 
c belonging to the nth representation. Thus the crystal with symmetry Go 
becomes one with density @ = ¢0+6e, where 


bo = Yeh g em (139.4) 


is a linear combination of the base functions of any one of the irreducible rep- 
resentations of the group Go (other than the unit representation). Accordingly 
we shall henceforward omit the index ” which gives the number of the rep- 
resentation, meaning always the one which corresponds to the transition 
considered. 

We shall use the notation 


= oe ci, c= Mb (139.5) 


(so that } y,2 = 1) and write the expansion of ® as 
© = OP, T)+77A(P, T+? Y BAP, TIO) + 


+74 y CAP, TOW) + sty (139.6) 


where f,, f,,... are invariants of the third, fourth etc. orders formed from 
the quantities y,; in the sums over « there are as many terms as there are 
independent invariants of the appropriate order which can be formed from 
the y;. In this expansion of the thermodynamic potential, the coefficient A 
must vanish at the transition point. In order that the transition point itself 
should be a stable state (i.e. in order that ® should have a minimum at that 
point when c,; = 0), the third-order terms must vanish and the fourth-order 
terms must be positive-definite. As has been mentioned in §138, a line of phase 
transitions of the second kind (in the PT-plane) can exist only if the third- 
order terms in the expansion of ® vanish identically. This condition may now 
be formulated as requiring that it should be impossible to construct from the 


oO 
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c, third-order invariants which are transformed according to the corresponding 
irreducible representation of the group Go.! 

Assuming this condition to be satisfied, we write the expansion as far as the 
fourth-order terms in the form 


D = Oot AP, Tr? +m d CAP, OO). (139.7) 


Since the second-order term does not involve the y,, the latter are deter- 
mined simply from the condition for a minimum of the fourth-order terms, i.e. 
of the coefficient of 7‘ in (139.7). Denoting the minimum value of this 
coefficient simply by C(P, T) (which must be positive, as shown above), we 
return to the expansion of @ in the form (138.4), 7 being determined from the 
condition that ® is a minimum regarded as a function of 7 alone, as in §138. 
The values of the y; thus found determine the symmetry of the function 


do =) Vidi: (139.8) 


i.e. the symmetry G of the crystal which is formed in the transition of the 
second kind from a crystal of symmetry Go.!! 

The conditions derived above, however, are not yet sufficient to ensure 
the possibility of a phase transition of the second kind. A further essential 
condition is obtained if we consider a fact (hitherto deliberately ignored) 
relating to the classification properties of representations of space groups.* 
We have seen in §136 that these representations can be classified not only by 
a discrete parameter (such as the number of the small representation) but also 
by the parameter k, which takes a continuous series of values. The coefficients 
A™) in the expansion (139.3) must therefore depend not only on the discrete 
number n but also on the continuous variable k. 

Let a phase transition correspond to the vanishing (as a function of P and 
T) of the coefficient A(k) with a given number n and a given k = ko. In 


t In the language of the theory of representations, this signifies that the symmetric cube 
[I°’3] of the representation J’ in question must not contain the unit representation. 

{It may happen that there is only one fourth-order invariant, (Ye2)? = 7. In this case, 
the fourth-order term is independent of the y,, and higher-order terms must be used to 
determine the 4. 

ll In §138 we have considered a transition with a given change of symmetry. Using the 
concepts defined here, we can say that the quantities y, were assumed to have given values 
(so that the function dg had a given symmetry). With the problem stated in these terms, the 
absence of the third-order term (in the expansion (138.4)) could not be a sufficient condition 
for the existence of a line of transition points of the second kind, since it does not exclude 
the possibility that there are third-order terms in the general expansion with respect to 
several c, (if the irreducible representation is not one-dimensional). For example, if there 
are three c; and the product »,y27; is invariant, the expansion of ® contains a third-order 
term, whereas this term will vanish if the function 6g has a certain symmetry which requires 
that one or two y; should be zero. 

+ The results and examples given below are due to E. M. Lirsurrz (1941). Further 
examples will be found in Zhurnal éksperimental’noi i teoreticheskoi fiziki 11, 255, 269, 
1941 (Journal of Physics 6, 61, 251, 1942). 
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order that the transition should actually occur, it is necessary that A™ as a 
function of k should have a minimum for k = ko (and therefore for all vec- 
tors of the star of Ko), i.e. the expansion of Ak) in powers of k—Ko about Ko 
should contain no linear terms. Otherwise, some coefficients A‘™(k) neces- 
sarily vanish before A™(ko) and a transition of the type in question cannot 
occur. A convenient formulation of this condition can be obtained on the 
basis of the following arguments. 

The value of ko determines the translational symmetry of the functions ¢,, 
and therefore that of the function 6g (139.8), i.e. it determines the periodicity 
of the lattice of the new phase. This structure must be stable in comparison 
with those which correspond to values of k close to ko. But a structure with 
k = ko+x (where is small) differs from that with k = ko by a spatial “modu- 
lation” in the periodicity of the latter, that is, by the appearance of non-uni- 
formity over distances (~ 1/x) which are large compared with the periods (cell 
dimensions) of the lattice. Such non-uniformity can be macroscopically de- 
scribed by regarding the coefficients c; as slowly varying functions of the co- 
ordinates (whereas the functions $; oscillate over interatomic distances). Thus 
we obtain the requirement that the state of the crystal should be stable with 
respect to loss of macroscopic homogeneity. 

When the quantities c, are not constant in space, the thermodynamic poten- 
tial per unit volume of the crystal will depend not only on the ¢; but also on 
their derivatives with respect to the co-ordinates (in the first approximation, 
on the first derivatives). Accordingly ® (for unit volume) must be expanded in 
powers of the c, and of their gradients vc; near the transition point. If the 
thermodynamic potential (of the whole crystal) is to be a minimum for con- 
stant c,, it is necessary that the first-order terms in the gradients in this expan- 
sion should vanish identically. (The terms quadratic in the derivatives must 
be positive-definite, but this imposes no restriction on the c,, since such a 
quadratic form exists for c; which are transformed by any of the irreducible 
representations.) 

Among the terms linear in the derivatives, the only ones that can be of inter- 
est are those simply proportional to 0c,/Ox,..., and those containing the pro- 
ducts ¢, 0c,/Ox,.... The higher-order terms are clearly of no importance. The 
thermodynamic potential of the whole crystal, i.e. the integral f® dV over 
the whole volume, is to be a minimum. The integration of all the total deri- 
vatives in ® gives a constant which does not affect the determination of the 
minimum of the integral. We can therefore omit all terms in ® which are 
simply proportional to derivatives of the c,. Among the terms containing 
products c,dc,/0x,... we can omit all symmetrical combinations c,0c,/Ox+ 
¢;0c,/0x = O(c¢,¢,)/Ox,..-, leaving the antisymmetrical parts 

0c; OCR 


Chay Ox? eae (139.9) 
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The expansion of ® can contain only invariant linear combinations of the 
quantities (139.9). Hence the condition for a phase transition to be possible 
is that such invariants do not appear. 

The components of the gradients Vc; are transformed as the products of 
the components of a vector and the quantities c,;. The differences (139.9) are 
therefore transformed as the products of the components of a vector and the 
antisymmetrised products of the quantities c,. Consequently the requirement 
that no linear scalar can be formed from the quantities (139.9) is equivalent 
to the requirement that no combinations which transform as the components 
of a vector can be formed from the antisymmetrised products 


Lin = PiPr' — Onb7'; (139.10) 


here the $, and ¢; are the same base functions of the relevant irreducible 
representation, which we regard as taken at two different points x, y, z and 
x’, y’, 2’ in order that the difference shall not be identically zero.t Labelling 
the base functions by the two suffixes ka (as in §136), we write the difference 
(139.10) in the form 

Akak’p = Prahx'p’ — Pra’ Px'p, (139.11) 


where k, k’,... are vectors of the same star. 

Let the vector k occupy the most general position and have no proper sym- 
metry. The star of k contains vectors according to the number of rotational 
elements in the group (or 2n if the space group itself does not include inver- 
sion), each k being accompanied by the different vector —k. The correspond- 
ing irreducible representation is given by the same number of functions 
¢,, (one for each k, and so we omit the suffix a). The quantities 


Xx, -k = Oub_n— Pib_x (139.12) 


are invariant under translations. Under the rotational elements, these 7 (or 
2n) quantities are transformed into combinations of one another, giving a 
representation of the corresponding point group (crystal class) with dimension 
equal to the order of the group. But this representation (called a regular rep- 
resentation) contains all the irreducible representations of the group, includ- 
ing those by which the components of a vector are transformed. 

Similar considerations show that it is possible to form a vector from the 
quantities y,,, 4, incases where the group of the vector k contains one axis 
and planes of symmetry passing through that axis. 

This discussion becomes inapplicable, however, if the group of the vector k 
contains axes which intersect one another or intersect planes of symmetry, or 


t In the language of the theory of representations, we can say that the antisymmetric 
square {J"?} of the representation J’ in question must not contain the irreducible representa- 
tions by which the components of a vector are transformed. 


| 


§139 Change in Symmetry 44] 


contains inversion; such groups will be said to have a central point. In such 
cases the question of constructing a vector from the quantities (139.11) 
requires separate treatment in each particular case. In particular, such a vec- 
tor certainly can not be constructed if the group of k contains inversion, so 
that k and — Kare equivalent, and only one function ¢, corresponds to each k 
in the star; in this case there areno 4,,- invariant under translations (as the 
components of a vector must necessarily be). 

Thus the requirement formulated above greatly restricts the possible changes 
of symmetry in a phase transition of the second kind. Of the infinity of different 
irreducible representations of the group Go, we need consider only a compara- 
tively small number for which the group of the vector k has a central point. 

A proper symmetry of this kind can, of course, occur only for vectors 
k/2z which occupy certain exceptional positions in the reciprocal lattice, their 
components being equal to certain simple fractions (4, 4, 4) of the basic vec- 
tors of that lattice. This means that the change in the translational symmetry 
of the crystal (i.e. in its Bravais lattice) in a phase transition of the second kind 
must consist in an increase by a small factor in some of the basic lattice vectors. 
Investigation shows that in the majority of cases the only possible change 
in the Bravais lattice is a doubling of the lattice vectors. In addition, in body- 
centred orthorhombic, tetragonal and cubic and face-centred cubic lattices 
some lattice vectors can be quadrupled, and in a hexagonal lattice tripled. 
The volume of the unit cell can be increased by a factor of 2, 4 or 8, in a face- 
centred cubic lattice also by 16 or 32, and in a hexagonal lattice by 3 or 6.t 

Transitions are, of course, also possible without change of Bravais lattice 
(corresponding to irreducible representations with k = 0). The change in 
symmetry then consists in a decrease in the number of rotational elements, 
i.e. a change in the crystal class.t 

We may note the following general theorem. A phase transition of the 
second kind can occur for any change in structure which halves the number of 
symmetry transformations; such a change may occur either by a doubling of 
the unit cell for a given crystal class or by a halving of the number of rotations 

+ It has been pointed out by I. E. DZYALosHINSKIT that a very unusual situation can 
arise for transitions which involve a change in magnetic structure. Here there may be 
physical reasons why the coefficient, in the expansion of ®, of the invariant (if any exists) 
formed from the quantities (139.9) should be anomalously small. This means that a phase 
transition is possible but does not lead to a state described by a vector ky (satisfying the 
conditions imposed above); instead, it leads to a state with vector Ky +2, where the small 
quantity x is determined by the relative magnitude of the terms in the expansion of ® 
which are of the first and second order in the derivatives. The resulting structure does not 
differ from that corresponding to the vector ky on the small scale (of the order of atomic 
distances); that is, it corresponds to change in the lattice vectors by a small factor. On this 
structure is superposed a “hyperstructure” consisting of “beats” in the basic structure with 
a period (~ 1/x) much greater than interatomic distances. 


+ Such cases can actually occur; see V. L. INDENBOM, Soviet Physics Crystallography 5, 
106, 1960. 
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and reflections for a given unit cell. The proof is based on the fact that, if 
the group Gy has a sub-group G of half the order, then the irreducible rep- 
resentations of G'o always include a one-dimensional representation given by 
a function which is invariant under all transformations of the sub-group G 
and changes sign under all the remaining transformations of the group Go. 
It is clear that in this case there are no odd-order invariants, and no quanti- 
ties of the type (139.11) can be formed from one function. 

The following theorem also appears to be valid. Phase transitions of the 
second kind cannot occur for changes in structure which reduce to one-third 
the number of symmetry transformations, owing to the presence of third- 
order terms in the expansion of ®. 

Finally, to illustrate the practical applications of the general theory given 
above, let us consider the occurrence of ordering in alloys which, in the disord- 
ered state, have a body-centred cubic lattice with atoms at the vertices and 
centres of cubic cells, as in Fig. 62b (§137).t The problem is to determine 
the possible types of ordering (called superlattices in crystallography) which 
can appear in such a lattice in a phase transition of the second kind. 

For a body-centred cubic lattice, the reciprocal lattice is face-centred cubic. 
If the edge of the body-centred cubic lattice cell is taken as the unit of length, 
the edge length of the cubic cell in the reciprocal lattice is 4, and in this lattice 
the following vectors k/2x have intrinsic symmetry groups with a central 
point: 


(a) (000) O, 
OGD O, 
© Gi Gro 7, (139.13) 
@ O¢), GOD, G4, | 

Or D, GOD, GIO Dn | 


These symbols show the components of the vectors k/27 along the edges of 
the cubic cell (x, y, z axes) as fractions of the edge lengths; a bar over a 
quantity indicates a negative value. In order to obtain the vectors k in the 
units specified above, these numbers must be multiplied by 2-27 = 4a. In 
(139.13) only non-equivalent vectors are shown, i.e. the vectors of each star. 

The subsequent discussion is greatly simplified by the fact that not all small 
representations need be considered in solving the problem in question. The 
reason is that we are concerned only with the possible changes of symmetry 
that can occur by the formation of a superlattice, that is, by an ordered arran- 
gement of atoms at existing lattice sites without relative displacement. In this 
case the unit cell of the disordered lattice contains only one atom. Hence the 


t Such a lattice belongs to the space group O,°; it has no screw axes or glide planes. 
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appearance of the superlattice can only mean that the lattice points in differ- 
ent cells become non-equivalent. The change do in the density distribution 
function must therefore be invariant under all rotational transformations of 
the group of k (without simultaneous translation). Thus only the unit small 
representation is admissible, and accordingly u, may be replaced by unity in 
the base functions (136.2). 

Let us now consider in turn the stars listed in (139.13). 

(a) The function with k = 0 has complete translational invariance, i.e. in 
this case the unit cell is unchanged, and since each cell contains only one atom 
no change of symmetry can occur. 

(b) The function e?"+¥+ corresponds to this k. The linear combination 
(of this function and the functions obtained from it by all rotations and reflec- 
tions) which has the symmetry O, of the group of k is 


d@ = cos 2nx cos 2ny cos 27tZ (139.14) 


The symmetry of the phase formed is that of the density function @ = 00+ 6e, 
60 = no. The function ¢ is invariant under all transformations of the class 
O,, and under translations along any edge of the cubic cell, but not under a 
translation through half the space diagonal, F > +). Hence the ordered phase 
has a simple cubic Bravais lattice with two non-equivalent points in the unit 
cell, (000) and (4 $4); these will be occupied by different atoms. The alloys 
which can be completely ordered in this way have the composition AB (e.g. 
the alloy CuZn mentioned in §137). 

(c) The functions corresponding to these k which have the symmetry T’, are 


$1 = COS 1X COS Ty Cos 12, (139.15) 


oe = sin mx sin zy sin 7z. 


Fromthese we canformtwo fourth-order invariants: (o,? + ¢,”)? and (¢,4+ ¢,5). 
The expansion of ® (139.7) therefore has the form 


@ = Dot An?+ Cin + Com(y,2 +722). (139.16) 


Here two cases must be distinguished. Let Cz < 0; then @ as a function of 1 
and yz, with the added condition y,?+y,? = 1, has a minimum for y; = 1, 
ye = 0.1 The function 69 = n¢1 has the symmetry of the class O,, with a face- 
centred Bravais lattice, whose cubic cell has a volume 8 times that of the orig- 
inal cubic lattice cell. The unit cell contains 4 atoms; the cubic cell, 16 atoms. 
By placing like atoms at equivalent lattice sites we find that this superlattice 


t This does not mean, of course, that the change dg in an actual crystal is given by the 
function (139.14). Only the symmetry of the expression (139.14) is important. 

t Or for y, = 0, v2 = 1. But the function 69 = nd, has the same symmetry as 7,, differ- 
ing from it only in that the origin is shifted by one lattice vector. 
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corresponds to a ternary alloy of composition ABC, with atoms in the follow- 
ing positions: 


4A (000), (0 
4B (3 11 (0 


222” 
SC Gin GID, GED cyclic, 444) & cyclic; 
here the co-ordinates of the atoms are given in units of the edge length of the 
new cubic lattice cell, which is twice that of the original cell (see Fig. 64a); 
“& cyclic’? denotes cyclic interchange. If the B and C atoms are identical we 
obtain an ordered lattice of composition AB3. 


>) &cyclic, 
+) &cyclic, 
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Now let Cz > 0. Then ® has a minimum at y,? = y,? = 4, so that 69 = 
(Git $2)/V/2 (or 4(¢1— 2)/V/2, which leads to the same result). This func- 
tion has the symmetry of the class O, with the same face-centred Bravais 
lattice as in the preceding case but only two sets of equivalent points, which 
can be occupied by atoms of two kinds A and B: 


8A (000), Gag GID cyclic, O44) &cyclic 
8B (Sey FD, GED Kcyelic, O04) & cyclic 


(see Fig. 64b).* 
(d) The following functions with the required symmetry D,,, correspond 
to these vectors k: 
$~, = cosn(y—z), o3 = cosa(x—y), ~s = cosa(x—zZ), 
be = cosa(y+z), ob, = cosa(x+y), gb, = cos a(x+z). 
From these we can form one third-order invariant and four fourth-order 
invariants, and so the expansion (139.6) becomes 
D = Dot An? + By (yrysysty2ysve+ V1VaVet Y2vas) + 
+ Crt + Cani(yyt + Yat + 754 + ya4 + v5 + Ye") + 
+ Canto? + 75274? + 75°76) + 
+ Cyn"(yiryayaya+ 7aVvarsYe + 71727576): 


t The structures in Figs. 64a and b belong to space groups O,° and O,7. The former is 
the structure of the Heusler alloys. 
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Because cubic terms are present, a phase transition of the second kind is 
impossible if this case. To examine whether isolated points of continuous 
transition can exist and the properties of such points (see §140) it would be 
necessary to investigate the behaviour of the function ® near its minimum; 
we shall not pause to do so here. 

The above example shows what rigid limitations are imposed by the thermo- 
dynamic theory on the possibility of phase transitions of the second kind; for 
example, in this case they can exist only when superlattices of three types are 
formed. 

The following fact may also be pointed out. In case (c), when C2 < 0, the 
actual change in the density function, 60 = noi, corresponds to only one of 
the two parameters yi, y2 which appear in the thermodynamic potential 
(139.16). This illustrates an important feature of the foregoing theory: in 
considering a particular change in the lattice in a phase transition of the 
second kind, it may be necessary to take account of other, “virtually possible’, 
changes. 


§140. Isolated and critical points of continuous transition 


The curve of phase transitions of the second kind in the PT-plane separates 
phases of different symmetry, and cannot, of course, simply terminate at some 
point, but it may pass into a curve of phase transitions of the first kind. 
A point at which this happens may be called a critical point of a transition of 
the second kind; it is in some ways analogous to an ordinary critical point. 

The nature of the temperature dependence of the thermodynamic quantities 
near the critical point can, in principle, be investigated by the method given 
in §138, but this problem is even more subject to the remark made in §138 
that the results thus obtained are of uncertain validity. We shall therefore not 
give the corresponding investigation in detail here, but simply describe briefly 
the results. 

In the expansion (138.4) the critical point is given by the vanishing of the 
two coefficients A(P, T) and C(P, T); if A = 0 but C > 0 we havea transition 
of the second kind, and so the curve of such transitions terminates only where 
C changes sign. Thus, to examine the neighbourhood of the critical point, we 
must discuss the expansion of the thermodynamic potential as far as the 
sixth-order terms. It can be shown that the curve of phase transitions of the 
second kind passes smoothly into the curve of transitions of the first kind, 
i.e. the derivative d7/dP does not have a discontinuity on the curve, although 
the second derivative d?7/dP? does. At the critical point, the specific heat 
C,, of the less symmetrical phase becomes infinite inversely as the square root 
of the distance from the critical point. 

Finally, it remains to consider the case where the third-order terms in the 
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expansion of the thermodynamic potential do not vanish identically. In this 
case the condition for the existence of a point of continuous pl@se transition 
requires that the coefficients B,(P,7T) of the third-order invariants in the 
expansion (139.6) should vanish, as well as A(P, T). It is evident that this is 
possible only if there is not more than one third-order invariant, since other- 
wise we should obtain more than two equations for the two unknowns P 
and 7.‘ When there is only one third-order invariant, the two equations 
A(P, T) = 0, BYP, T) = 0 determine pairs of values of P and T, i.e. there are 
isolated points of continuous phase transition. 

Since these points are isolated, they must lie in a certain way at the inter- 
section of curves (in the P7-plane) of phase transitions of the first kind. Since 
such isolated points of continuous transition have not yet been observed 
experimentally, we shall not pause to give a detailed discussion here, but 
simply mention the results.t 


(a) (b) 
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The simplest type is that shown in Fig. 65a. Phase I has the higher sym- 
metry, and phases II and III the same lower symmetry, these two phases 
differing only in the sign of y. At the point of continuous transition (O in 
Fig. 65) all three phases become identical. 

In more complex cases two or more curves of phase transition of the first 
kind (e.g. two in Fig. 65b) touch at the point of continuous transition. Phase I 
has the highest symmetry, phases II and III a lower symmetry, phases IV 
and V another lower symmetry, these pairs of phases differing only in the 


sign of 7.!! 


t It is apparently true (though we have not obtained a general proof) that there can 
never be more than one third-order invariant for the representations of the space groups. 

$ See L. LANDAU, Zhurnal éksperimental’noi i teoreticheskoi fiziki 7, 19, 1937; translation 
in Collected Papers of L. D. Landau, p. 193, Pergamon, Oxford 1965. 

I There is reason to suppose that even isolated points of continuous phase transition are 
impossible for transitions between a liquid and a solid crystal. 
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§141. Phase transitions of the second kind in a two-dimensional lattice 


Considerable theoretical interest attaches to the examination of phase 
transitions of the second kind in two-dimensional systems also.‘ Although no 
general analysis of this problem has been made, it is likely that the general 
nature of the singularity of the thermodynamic quantities at the transition 
point will appear from the solution of the transition problem in a simple 
particular model of a two-dimensional lattice; such a problem was first solved 
by L. ONSAGER (1944).¢ This topic is the more interesting in that no iSunUaE 
problem has yet been solved for the three-dimensional case. 

The model considered is a plane square lattice having N points, at each of 
which is a “dipole’’ with its axis perpendicular to the lattice plane. The dipole 
can have two opposite orientations, so that the total number of possible 
configurations of the dipoles in the lattice is 2%. To describe the various 
configurations we proceed as follows. To each lattice point (with integral 
co-ordinates k, 1) we assign a variable o,, which takes two values +1, corre- 
sponding to the two possible orientations of the dipole. If we take into account 
only the interaction between adjoining dipoles, the energy of the configura- 
tion may be written 

L 

E(s) = =y 2, Cnn, 141+ nh 42,0) (141.1) 
where L is the number of points in a lattice line, the lattice being regarded as 
a large square, and N = L*.'| The parameter J (> 0) determines the energy of 
interaction of a pair of adjoining dipoles, which is —J and +J for like and 
unlike orientations of the two dipoles respectively. Then the configuration 
with the least energy is the “completely polarised’’ (ordered) configuration, 
in which all the dipoles are oriented in the same direction. This configuration 
is reached at absolute zero; as the temperature increases, the degree of 
ordering decreases, becoming zero at the transition point, when the two 
orientations of each dipole become equally probable. 

The determination of the thermodynamic quantities requires the calcula- 
tion of the partition function 


Z= perenne = d exp{6 » (OntOp, 141+ ORTH 41, D}> (141.2) 


t In ac<“tion to its purely theoretical interest, this problem is closely related to that of 
the behaviour of crystals with a markedly stratified structure and of adsorbed films (cf. 
§147). 

t The original method used by ONSAGER was extremely complex. Later, various authors 
simplified the solution. The method described below (which in part makes use of certain 
ideas in the method of Kac and WARD (1952)) is due to N. V. VDOVICHENKO. 

|| The number L is, of course, assumed macroscopically large, and edge effects (due to 
the special properties of points near the edges of the lattice) will be neglected throughout 
the following discussion. 
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taken over all the 2% possible configurations (9 = J/T). The equation 
exp (00,,0n'7) = cosh 0+0,,0,/y sinh 6 = cosh A(1+0y)0%7 tanh 6) 


is easily verified by expanding both sides in powers of 6 and using the fact 
that all the of, = 1. The expression (141.2) can therefore be written 


Z = (1—x*)-NS, (141.3) 
where Z 
S = I (1+ x0 p10 p, 141)(1 + Xon R41, 1) (141.4) 


and x = tanh 6. 

The summand in (141.4) is a polynomial in the variables x and o,,. Since 
each point (k, /) has four neighbours, each o,, can appear in the polynomial 
in powers from zero to four. After summation over all the o,, = +1 the 
terms containing odd powers of o,,; vanish, and so a non-zero contribution 
comes only from terms containing o,, in powers 0,2 or 4. Since o8, = of, = 
0%, = 1, each term of the polynomial which contains all the variables ony 
in even powers gives a contribution to the sum which is proportional to the 
total number of configurations, 2. 


(a) (b) (c) 
e e e e e @ e ® e@ e e e e e e 
kL k4i,l kt k+i,t 
e e Ss e e 
k-2l-1 kell! 
e e e e e 
k+ll-I k-2,L-2 a ae 
e e e e e e e 
oe ge ke kL? k-l,L-2 
e@ e e e 
a eke k-2L-3 k-hl-3 
@ e e e e e 
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Each term of the polynomial can be uniquely correlated with a set of lines 
or “bonds” joining various pairs of adjoining lattice points. For example, the 
diagrams shown in Fig. 66 correspond to the terms 


(a) x*Op10% 41, 1%R41,1-1> 
(b)  xPof oF 41, R41, 1-1, 1-198, 1-29R-1, 1-19-12, 1-2» 
(c) x! of OR 41,1041, 1-198, 1-10 R—2, 1-1 9R-1, 1-1 X 
X OR-1, 1-20h-1, 1-3-2, 1-302, 1-2 - 
Each line in the diagram is assigned a factor x and each end of each line a 
factor o}). 


The fact that a non-zero contribution to the partition function comes only 
from terms in the polynomial which contain all the o,, in even powers signifies 
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geometrically that either 2 or 4 bonds must end at each point in the diagram. 
Hence the summation is taken only over closed diagrams, which may be self- 
intersecting (as at the point k, /—1 in Fig. 66b). 

Thus the sum S may be expressed in the form 


S=2NY x'g,, (141.5) 
T 


where g, is the number of closed diagrams formed from an (even) number r 
of bonds, each multiple diagram (e.g. Fig. 66c) being counted as one. 

The subsequent calculation is in two stages: (1) the sum over diagrams of 
this type is converted into one over all possible closed loops, (2) the resulting 
sum is calculated by reducing it to the problem of the “random walk” of a 
point in the lattice. 

We shall regard each diagram as consisting of one or more closed loops. 
For non-self-intersecting diagrams this is obvious; for example, the diagram 
in Fig. 66c consists of two loops For self-intersecting diagrams, however, the 
resolution into loops is not unique: a given diagram may consist of different 
numbers of loops for different ways of construction. This is illustrated by 
Fig. 67, which shows three ways of representing the diagram in Fig. 66b as 
one or two non-self-intersecting loops or as one self-intersecting loop. Any 
intersection may similarly be traversed in three ways on more complicated 
diagrams. 

It is easy to see that the sum (141.5) can be extended to all possible sets 
of loops if, in computing the number of diagrams g,, each diagram is taken 
with the sign (— 1)”, where n is the total number of self-intersections in the 
loops of a given set, since when this is done all the extra terms in the sum 


cr ch ch 


Fic. 67 


necessarily cancel. For example, the three diagrams in Fig. 67 have signs 
+, +, — respectively, so that two of them cancel, leaving a single contribu- 
tion to the sum, as they should. The new sum will also include diagrams with 
“repeated bonds”, of which the simplest example is shown in Fig. 68a. These 
diagrams are not permissible, since some points have an odd number of bonds 
meeting at them, namely three, but in fact they cancel from the sum, as they 
should: when the loops corresponding to such a diagram are constructed, 
each bond in common can be traversed in two ways, without intersection (as 
in Fig. 68b) and with self-intersection (Fig. 68c); the resulting sets of loops 
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appear in the sum with opposite signs, and so cancel. We can also avoid the 
need to take into account explicitly the number of intersections by using the 
geometrical result that the total angle of rotation of the tangent in going 
round a closed plane loop is 2x(/+1), where / is a (positive or negative) 
integer whose parity is the same as that of the number » of self-intersections 
of the loop. H- ace, if we assign a factor e#* to each point of the loop (with 
the angle of rotation there ¢ = 0, +42), the product of these factors after 
going round the whole loop will be (—1)’t1, and for a set of s loops the 
resultant factor is (—1)"**, where n = v. 


JB 8 


Fic. 68 


Thus the number of intersections neéd not be considered if each point on 
the loop is taken with a factor.e*# and a further factor (— 1) is taken for the 
whole diagram (set of loops) in order to cancel the same factor in (—1)"t°. 

Let f, denote the sum over all single loops of length r (i.e. consisting of 
r bonds), each loop having a factor e** at each point on it. Then the sum 
over all pairs of loops with total number of bonds r is 


1 
am OL Sites 


"1 +re=Pr 
the factor 1/2! takes into account the fact that the same pair of loops is 
obtained when the suffixes r; and re are interchanged, and similarly for groups 
of three or more loops. Thus the sum S becomes 


eo 1] co 
S= Y (-I° 5 » Xt. aes Oe 
s=0 


. T1, Te, = 1 


Since S includes sets of loops with every total length r:+re+..., the numbers 


ri, 2, ... inthe inner sum take independently all values from 1 to oo.t Hence 
S Meth Sy = CD, x" f,)§ 
Type eo 5Ny r=l 


and S becomes 
S = exp(—) x"f,). (141.6) 
r=l1 
This completes the first stage of the calculation. 


t Loops with more than N points make no contribution to the sum, since they must 
necessarily contain repeated bonds. 
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It is now convenient to assign to each lattice point the four possible direc- 
tions from it and to number them by a quantity v = 1, 2, 3, 4, say as follows: 


We define as an auxiliary quantity W,(k, J, v) the sum over all possible 
paths of length r from some given point ko, Jo, ») to a point k, /, »y (each bond 
having as usual the factor e***, where @ is the change of direction to the next 
bond); the final step to the point k, /, y must not be from the point to which 
the arrow » is directed.t With this definition, W,(ko, Jo, vo) is the sum over 
all loops leaving the point ko, /o in the direction vo and returning to that point. 
It is evident that 

1 


haz oy __ Welk, lop v0): (141.7) 


both sides contain the sum over all single loops, but }| W, contains each loop 
2r times, since it can be traversed in two opposite directions and can be 
assigned to each of r starting points on it. 

From the definition of W,(k, |, v) we have the recurrence relations 


W,44(k, 1, 1) = WAk—1, L, I) +e-#* Wk, 1-1, 2)+ 
+0+eti* W,(k, 1+1, 4), 

W, silk, 1, 2) = et*W,(k—-1, 1, 1) + W,(k, 1-1, 2)+ 
+e-tW(k +1, 1, 3) +0, 

Walk, 1,3) = O+et*W,(k, 1-1, 2)+ 

+WA(k+1, 1, 3)+e-#"W,(k, 1+1, 4), 
W,,(k, 1, 4) = e-#*W,(k—-1, 1, 1) +04 
+etimW(k+1, 1, 3)+W,(k, 1+1,4). | 


(141.8) 


The method of constructing these relations is evident: for example, the point 
k, l, 1 can be reached by taking the last (r+ 1)th step from the left, from below 
or from above, but not from the right; the coefficients of W, arise from the 
factors et, 

Let A denote the matrix of the coefficients in equations (141.8) (with all 
k, }, written in the form 


Wrailk, iv) = Yo A(kb|k'l'v’)W,(k’,l,r’). 
k’,V, 


t In fact W,(k, I, v) depends, of course, only on the differences k—ky, 1-1). 
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The method of constructing these equations enables us to associate with this 
matrix an intuitive picture of a point moving step by step through the lattice 
with a “transition probability’ per step from one point to another which is 
equal to the corresponding element of the matrix A; its elements are in fact 
zero except when either k or / changes by +1 and the other remains constant, 
i.e. the point traverses only one bond per step. It is evident that the “proba- 
bility” of traversing a length r will be given by the matrix A’. In particular, 
the diagonal elements of this matrix give the “probability” that the point 
will return to its original position after traversing a loop of length r, i.e. they 
are equal to W,(Ko, lo, vo). Hence 


tr A? = y W,A(Ko, lo, Vo). 
Ro, lo, Yo 


Comparison with (141.7) shows that 
1 1 
— r= Aor 
f- or tr A or d t? 


where the A, are the eigenvalues of the matrix A. Substituting this expression 
in (141.6) and interchanging the order of summation over i and r, we obtain 


co 


S = exp {-4) s- xrA;r} 
= exp {4} log (1—xA,)} 
= IT (1—xdi).- (141.9) 


The matrix A is easily diagonalised with respect to the suffixes k and / by 
using a Fourier transformation: ° 


L 
WA, 4, ») = Yi en BPR DILW,(k, 1, »). (141.10) 
hk, 1=0 

Taking Fourier components on both sides of equations (141.8), we find that 
each equation contains only W,(p, q, ») with the same p, g, so that the matrix 
A is diagonal with respect to p and gq. For given p, q its elements are 


ge? ale 0 aed | 
ae P e—4 a-leP =O 

A( pqv | pqv’) = 

(pqr|Pqr') =| _ eo ated 
[a ve? 0 aeP ef | 


where a = ei7, ¢ =z e2L, 
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For given p, q a simple calculation of the determinant shows that 


4 
I] (1 — xdj) = det (6, —xAyyr) 
i=1 


= (1+ x2)?—2x(1 — x?) ge? pegged ’ 
L L 
Hence, from (141.3) and (141.9), we finally obtain the partition function 
L 
Z =2N1—x)-% J] ate 
P,g=0 
1/2 
~2x(1— x2) (cos 7 Bp al ae (141.11) 
L L 

The thermodynamic potential ist 

® = —TlogZ 

= —NT log 2+NT log (1—x*)— 
L 
—4T ¥ log ja + x?)2—2x(1 — x?) (cos aap +cos 4) | 
naa L L 

or, changing from summation to integration, 

® = —NT log 2+NT log (1—x*)— 
T Qn Qn 
— ita | log [(1 +. x2)?—2x(1 — x?) (cos @1+C0s 2)]dwidwe (141.12) 

0 0 


(remembering that x = tanh (J/T)). 

Let us now examine this expression. The function ®(T) has a singularity 
at the value of x for which the argument of the logarithm in the integrand can 
vanish. As a function of w and we, this argument is a minimum for cos @1 = 
cos @, = 1, when it equals (1+x®)?—4x(1—x?) = (x?+2x—1)?. This ex- 
pression has a minimum value of zero for only one (positive) value of x, 
x, = 1/2—1; the corresponding temperature T, (tanh (J/T,) = x,) is the 
phase transition point. 

The expansion of ®(T) in powers of t = T—T, near the transition point 
includes a singular term as well as the regular part. Here we are interested 
only in the singular term, the regular part being simply replaced by its value 
at t = 0. To find the form of the singular term, we expand the argument of 
the logarithm in (141.12) in powers of 1, @2 and ¢ about the minimum; the 


t In the model under discussion the temperature affects only the ordering of dipole 
orientations, not the distances between dipoles (the “thermal expansion coefficient” of the 
lattice is zero). It is then immaterial whether we consider the free energy or the thermody- 
namic potential. 


Pp 
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integral then becomes 
2a On 
log [c1t? + co(w? + 03) ]dwidas, 
0 


where c; and Ce are constants. Carrying out the integration, we find that the 
thermodynamic potential near the transition point has the form 


® = a—4b(T—T,}? log |T—T, |, (141.13) 


where a and b are further constants (with b > 0). The potential itself is 
continuous at the transition point, but the specific heat becomes infinite in 
accordance with the formula 


C = blog |T—T, |, (141.14) 


which is symmetrical about the transition point. 

In an actual two-dimensional structure we must expect singularities of the 
same type in the thermodynamic quantities, the coefficients a, b and the tran- 
sition temperature 7, being functions of the “pressure’’. A singularity of the 
type (141.14) will also occur in the compressibility and in the thermal expan- 
sion coefficient of the lattice. 

The degree of ordering 1 of the lattice is represented in this model by the 
mean dipole moment at a lattice point (the “spontaneous polarisation” of the 
lattice), which is non-zero below the transition point and zero above it. The 
temperature dependence of this quantity can also be determined.t Without 
pausing to give the derivation, we shall simply state the final result for the 
manner in which the degree of ordering tends to zero as the transition point 


is approached: 
” = constant X (T,—T)1/8. (141.15) 


t This problem also was first solved by L. ONSAGER (1947). The simplest method of 
solution is given by N. V. VDOVICHENKO, Soviet Physics JETP 21, 350, 1965. 


CHAPTER XV 


SURFACES 


§142. Surface tension 


HITHERTO we have entirely neglected effects resulting from the presence of 
surfaces of separation between different bodies.* Since, as the size of a body 
(ie. the number of particles in it) increases, surface effects increase much _ 
more slowly than volume effects, the neglect of surface effects in the study of 
volume properties of bodies is entirely justified. There are, however, a number 
of phenomena which depend in fact on the properties of surfaces of separation. 

The thermodynamic properties of such an interface are entirely described 
by one quantity, a function of the state of the bodies, defined as follows. We 
denote by 3 the area of the interface, and consider a process whereby this 
area undergoes a reversible change by an infinitesimal amount d3. The work 
done in such a process is obviously proportional to d@, and so can be written 
as 

dR = ad8. (142.1) 


The quantity « thus defined is a fundamental characteristic of the interface, 
and is called the surface-tension coefficient. 

Formula (142.1) is exactly analogous to the formula dR = —P dV for the 
work done in a reversible change in the volume of a body. We may say that 
plays the same part in relation to the surface as the pressure does in relation 
to the volume. In particular, we can easily show that the force on unit length 
of the perimeter of any part of the interface is equal in magnitude to « and is 
directed tangentially to the surface and along the inward normal to the peri- 
meter. 

Here we have assumed that « is positive. The fact that it must indeed always 
be positive is shown immediately by the following argument. If « < 0, the 
contour bounding the surface would be subject to forces along the outward 
normal, i.e. tending to “stretch’”’ the surface; the interface between two phases 
would therefore tend to increase without limit, and the phases would mix 
and cease to exist separately. If « > 0, on the other hand, the interface tends to 
become as small as possible (for a given volume of the two phases). Hence, 


t In reality, of course, phases in contact are separated by a thin transition layer, but the 
Structure of this is of no interest here, and we may regard it as a geometrical surface. 
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for example, if one isotropic phase is surrounded by another, it will take the 
form of a sphere (the effect of an external field, e.g. gravity, being neglected, 
of course). 

Let us now consider in more detail the surface tension at the interface 
between two isotropic phases, liquid and vapour, of the same substance. If 
an interface between two phases in equilibrium is concerned, it must be re- 
membered that their pressure and temperature are in a definite functional rela- 
tion given by the equation of the phase equilibrium curve, and « is then essen- 
tially a function of only one independent variable, not of two. 

At a critical point, the liquid and gas phases become identical. The inter- 
face between them ceases to exist, and a must become zero. The law governing 
this vanishing of « is not yet known. 

We can apply qualitatively the law of corresponding states (§85) to the 
surface tension between the liquid and its vapour. According to this law we 
should expect that the dimensionless ratio of « to a quantity of dimensions 
erg/cm? formed from the critical temperature and critical pressure would be a 
universal function of the reduced temperature T/T,:* 


a/(T.P,)u8 K(T/T.). (142.2) 


When surface effects are neglected, the differential of the energy of a sys- 
tem of two phases (of the same substance), for a given total volume V of the 
system, is dE = TdS+ dN; in equilibrium, the temperatures T and chem- 
ical potentials u of the two phases are equal, and this equation can therefore 
be written for the whole system. When the presence of surface effects is taken 
into account, the right-hand side of the equation must clearly include also 
the expression (142.1): 

dE = TdS+udN+ad3. (142.3) 


It is, however, more convenient to take as the fundamental thermodynamic 
quantity not the energy but the potential Q, the thermodynamic potential in 
terms of the independent variables T and u (and the volume V). The conve- 
nience of 2 in this case arises because T and are quantities which have equal 
values in the two phases, whereas the pressures are not in general equal when 
surface effects are taken into account; see §144. For the differential dQ, again 
with V = constant, we have 


dQ = —SdT—Ndy+a d3. (142.4) 


The thermodynamic quantities (such as E, 2 and S) for the system under 
consideration can be written as the sum of a “volume” part and a “surface” 
part. This division, however, is not unique, since the number of particles in 


t At temperatures considerably below the critical temperature this ratio is approximately 
equal to 4. 
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each phase is indeterminate to the extent of the number of particles in the 
transition layer between the phases; the same is true of the volumes of the 
phases. This indeterminacy is of just the same order of magnitude as the 
surface effects with which we are concerned. The division can be made unique 
if the following reasonable condition is imposed: the volumes Vi and V2 of 
the two phases are defined so that, in addition to the equation Vi+ V2 = V, 
where V is the total volume of the system, the equation n1VitneVe =N is 
satisfied, where N is the total number of particles in the system, and 7 = 
ni(u, T) and n, = nou, T) are the numbers of particles per unit volume in 
each phase (the phases being regarded as unbounded). 

These two equations determine the choice of the volumes V; and V2 (and 
the numbers of particles Ny = m1Vi, Ne = noV2), and hence also the volume 
parts of all other thermodynamic quantities. We shall denote volume parts 
by the suffix v, and surface parts by the suffix s; by definition, N, = 0. 

From (142.4) we have, for constant T and p (and therefore constant «), 
dQ = a d8; it is therefore evident that 2, = #8, and so 


Q = Q,4+48. (142.5) 
Since the entropy S = —(02/0T),, g, the surface part of it ist 
S, = —02,/0T = —8 da/dT. (142.6) 
Next, let us find the surface free energy; since F = Q+Nypand N, = 0, 
F, = 28. (142.7) 
The surface energy is 
E, = F,+TS, = («—T da/dT)8. (142.8) 


The quantity of heat absorbed in a reversible isothermal change of surface 
area from 3) to 82 is 


QO = T(S—Sa) = —T (da/dT)G2—41). (142.9) 


The sum of the heat Q and the work R = «(82—3:1) in this process is equal to 
the change in energy E,, — F,,, aS it should be. 


PROBLEM 


Find the limiting law of temperature dependence of the surface tension of liquid helium 
at low temperatures (K. R. ATKINS 1953). 


SOLUTION. We calculate the surface part F, = 3a of the free energy by means of formula 
(61.1), in which the frequencies , now relate to oscillations of the liquid surface. In the 


t The coefficient « is a function of only one independent variable; for such a function 
the partial derivatives with respect to u and T have no meaning. But, by putting N, = 
~(82,/04)r = 0, we have formally assumed that (Oa/Op)7 = 0; in this case we clearly 
have da/dT = (6a/OT),, and this has been used in (142.6). 
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two-dimensional case the change from summation to integration requires a factor 3(27k dk)/ 
(2x)*. Integrating by parts, we find 


F, = 80 )+3(T/2n) J log (1—e-*”!T )k dk = Bag —3(h/47) (| k® doo /(e?!T _ 1), 


where & is the surface tension at T = 0. At sufficiently low temperatures, only the oscilla- 
tions at low frequencies are important, i.e. those with small wave numbers (long wave- 
lengths). Such oscillations are hydrodynamic capillary waves, for which w? = (a/o)k? = 
(%/0)k*, where g is the density of the liquid. t Hence 


h (9 \28 » tl dw 
«meena le) | ert} 
0 


since the integral converges rapidly, the upper limit may be taken as infinity. The integra- 
tion (carried out as in the second footnote to §57) gives 


TV (9 \2l3 
© = to — pais (2) 1'(7/3)6(7/3) = % —0.1377/892/3 [ht /3a2/3, 


§143. Surface tension of crystals 


The surface tension of an anisotropic body, a crystalf, is different at differ- 
ent faces; it may be said to depend on the direction of the face, i.e. on its 
Miller indices. The form of this dependence is somewhat unusual. Firstly, the 
difference in the values of « for two crystal planes with arbitrarily close direc- 
tions is itself arbitrarily small, i.e. the surface tension can be represented as a 
continuous function of the direction of the face. It can nevertheless be shown 
that this function nowhere has a definite derivative. For example, if we consi- 
der a set of crystal planes intersecting along a common line, and denote by @ 
the angle of rotation around this line, which defines the direction of the plane, 
we find that the function « = a(@) has two different derivatives for every 
value of ¢, one for increasing and the other for decreasing values of the argu- 
ment.!! 

Let us suppose that the surface tension is a known function of the direc- 
tion of the faces. The question arises how this function can be used to deter- 
mine the equilibrium form of the crystal. (It must be emphasised that the 
crystal shape observed under ordinary conditions is determined by the condi- 
tions of growth of the crystal and is not the equilibrium shape.) The equilib- 
rium form is determined by the condition for the potential Q to be a minimum 


t See Fluid Mechanics, §61. The derivation given here applies only to liquid He‘ and 
temperatures so low that the whole mass of the liquid may be regarded as superfluid. In a 
Fermi liquid (liquid He®), capillary waves of this kind do not exist, because the viscosity 
increases indefinitely as T -> 0. 

} That is, the surface tension at an interface between the crystal and a gas or liquid. 

ll This is discussed in more detail by L.D. LANDAU, Sbornik v chest? 70-letiya A. F. loffe, 
p. 44, Moscow 1950; translation in Collected Papers of L. D. Landau, p. 540, Pergamon, 
Oxford 1965. 
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(for given T, » and volume V of the crystal) or, what is the same thing, by 
the condition for its surface part to be a minimum. The latter is 


Q, = pads, 


the integral being taken over the whole surface of the crystal; for an isotropic 
body « = constant, 2, = «3, and the equilibrium form is determined simply 
by the condition for the total area 3 to be a minimum, i.e. it is a sphere. 

Let z = z(x, y) be the equation of the surface of the crystal, and let p = 
0z/Ox, q = 8z/dy denote the derivatives which determine the direction of 
the surface at each point; « can be expressed as a function of these, « = «(p, q). 
The equilibrium form is given by the condition 


fav, q) /(.+p?+q) dx dy = minimum (143.1) 
with the added condition of constant volume 
[7 dx dy = constant. (143.2) 
This variational problem leads to the differential equation 
3 Of 0 Of _ 
Bx apt dy Bq = 2A; (143.3) 
where 
fp, D = ap, g) V+p? +9’) (143.4) 


and A is a constant. 
Next, we have by definition dz = p dx+q dy; with the auxiliary function 
¢ = px+qy-z, (143.5) 
we find d¢ = x dp+y dg or 
x= 0C/op, y= 0l/dg, (143.6) 
¢ being here regarded as a function of p and g. Writing the derivatives with 
respect to x and y in (143.3) as Jacobians, multiplying both sides by a(x, y)/ 
O(p, g) and using (143.6), we obtain the equation 


a(@f/ep, 86/q) | 8(6C/Op, Of/8q) _ 5, H(CC/Op, 06/0q) 


O(p, 9) O(p,9) O(p, 9) 
This equation has an integral f = AC = A(px+qy—z), or 
1/( of | of 
z= (> aot 95a -f). (143.7) 


This is just the equation of the envelope of the family of planes 


px+qy—z = ap, q) f(l+p?+9)/A, (143.8) 
where p and q act as parameters. 
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This result can be expressed in terms of the following geometrical construc- 
tion. On each radius vector from the origin we mark off a segment of length 
proportional to «(p, g), where p and q correspond to the direction of that 
radius vector.’ A plane is drawn through the end of each segment at right 
angles to the radius vector; then the envelope of these planes gives the equilib- 
rium form of the crystal (G. V. Vut’®). 

It can be shown? that the unusual behaviour of the function « mentioned 
at the beginning of this section may have the result that the equilibrium form 
of the crystal determined by this procedure will include a number of plane 
areas corresponding to crystal planes with small values of the Miller indices. 
The size of the plane areas rapidly decreases as the Miller indices increase. In 
practice this means that the equilibrium shape will consist of a small number 
of plane areas which are joined by rounded regions instead of intersecting at 
sharp angles. 


§144. Surface pressure 


The condition for the pressures of two phases in contact to be equal has 
been derived (in §12) from the equality of the forces exerted on the interface 
by the two phases; as elsewhere, surface effects were neglected. It is clear, 
however, that if the interface is not plane a displacement of it will in general 
change its area and therefore the surface energy. In other words, the exis- 
tence of a curved interface between the phases leads to additional forces, 
as a result of which the pressures of the two phases will not be equal. The 
difference between them is called the surface pressure. 

Thus the conditions of equilibrium now require only that the temperature 
and the chemical potential should be constant throughout the system. For given 
values of these quantities, and of the total volume of the system, the thermo- 
dynamic potential 2 must be a minimum (with respect to a displacement of 
the interface). 

Let us consider two isotropic phases (two liquids, or a liquid and a vapour). 
Having in view only the thermodynamic aspects of the problem, we shall 
assume that one of the phases (phase 1) is a sphere surrounded by the other 
phase.'! Then the pressure is constant within each phase, and the total thermo- 
dynamic potential Q of the system is 


Q = —P1Vy—PyVo+0a2 (144.1) 


the first two terms forming the volume part of the potential; the suffixes 1 
and 2 refer to the two phases. 


+ The direction cosines of the radius vector are proportional to p, q, —1. 

t See the paper quoted in the second footnote to this section. 

ll The general case of an arbitrary shape of the interface is discussed in Fluid Mechanics, 
§60. 
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The pressures of two phases in equilibrium satisfy the equations 3(P, T) = 
fa P2, T) = pw, where p is the common value of the two chemical poten- 
tials. Hence, for constant p and 7, we must regard P1 and Ps as constant also, 
and likewise the surface-tension coefficient «. Since Vit V2 is constant, we 
find as the condition for 2 to be a minimum 


dQ = —(Pi—P2) dVita d3 = 0. 


Finally, substituting Vi = 4zr3/3,8 = 4ar? (where ris the radius of the sphere), 
we obtain the required formula: 


P,—P» = 2a/r. (144.2) 


For a plane interface (r ~ oo) the two pressures are equal, as we should 
expect. 

Formula (144.2) determines only the difference between the pressures in 
the two phases. We shall now calculate each of them separately. 

The pressures P; and Pz satisfy the equation wi(P1, T) = Ho Pe, T). The 
common pressure Po in the two phases when the interface is plane is deter- 
mined at the same temperature by the relation p1(Po, T) = "2(Po, T). Sub- 
traction of these two equations gives 


tx(P1, T)— wi(Po, T) = t2(P2, T)— H2lPo, T). (144.3) 


Assuming that the differences 6P; = Pi—Po, dP, = P2—Ppo are relatively 
small and expanding the two sides of equation (144.3) in terms of 6P1 and 


6P2, we find 
v10P = v20P2, (144.4) 


where v1 and v2 are the molecular volumes (see (24.12)). Combining this with 
formula (144.2) written in the form 6P:—6P2 = 2a/r, we find the required 
6P, and 6P2 as 

2a v2 2a v1 


6P; = — é 6P, = — 
r Veg—V1 r V2e—-V1 


(144.5) 


For a drop of liquid in a vapour, v1 << v2; regarding the vapour as an ideal 
gas, we have ve = T/P2 = T/Po, and so 


OP, = 2a/r, 6P, = 2vaPo/rT, (144.6) 


where for clarity the suffixes / and g are used in place of 1 and 2. Thus we see 
that the vapour pressure over the drop is greater than the saturated vapour 
pressure over a plane liquid surface, and increases with decreasing radius of 
the drop. 

When the drop is sufficiently small and 6P,/Po is no longer small, formulae 
(144.6) become invalid, since the large variation of the vapour volume with 
pressure means that the expansion used to derive (144.4) from (144.3) is no 
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longer permissible. For a liquid, whose compressibility is small, the effect of 
a change of pressure is slight, and the left-hand side of (144.3) can again be 
replaced by v,6P,. On the right-hand side we substitute the chemical poten- 
tial of the vapour in the form w = T log P,+4x(T), obtaining 


OP; = Pi—Po = (T/v,) log (P,/Po). 
Since in this case 6P, >> 6P,, the difference P,— Po can be replaced by P,—P;; 
using formula (144.2) for the surface pressure, we then have finally 


log (P,/Po) = 2a0,/rT. (144.7) 


For a bubble of vapour in a liquid we similarly obtain the same formulae 
(144.6), (144.7) but with the opposite signs. 


§145. Surface tension of solutions 


Let us now consider an interface between a liquid solution and a gas phase 
(a gas and a solution of it in a liquid, a liquid solution and its vapour, etc.). 

As in §142, we divide all thermodynamic quantities for the system under 
consideration into volume and surface parts, the manner of division being 
determined by the conditions V = Vi+V2,N =N i+Ne for the volume and 
number of solvent particles. That is, the total volume V of the system is divid- 
ed between the two phases in such a way that, on multiplying V; and V2 by 
the corresponding numbers of solvent particles per unit volume, and adding 
we obtain just the total number N of solvent particles in the system. Thus by 
definition the surface part NV, = 0. 

As well as other quantities, the number of solute particles will also be writ- 
ten as a sum of two parts, nm =n,+n,. We may say that n, is the quantity of 
solute which would be contained in the volumes V1 and Ve if it were distri- 
buted in each with a constant concentration equal to the volume concentra- 
tion of the corresponding solution. The number n, thus defined may be either 
greater or less than the actual total number 7 of solute particles. If n, = 
= n—n, > 0, this means that the solute accumulates at a higher concentra- 
tion in the surface layer (called positive adsorption). If n, < 0, the concentra- 
tion in the surface layer is less than in the volume (negative adsorption). 

The surface-tension coefficient of the solution is a function of two inde- 
pendent variables, not one. Since the derivative of the potential Q with 
Tespect to the chemical potential is minus the corresponding number of par- 
ticles, m, can be found by differentiating 2, = «8 with respect to the chem- 
ical potential ’ of the solute :* 


ng = —0Q,/8n' = —3(da/Bu’)r. (145.1) 


t The coefficient « is now a function of two independent variables, e.g. u’ and 7; the 
derivative 022,/Ou’ must be taken at constant T and chemical potential ut of the solvent. 
The condition N,= — (02,/04),:, p=0 used here implies that we formally take (00/On) ur, r= 
0 and therefore we can write equation (145.1) (cf. the third footnote to §142). 
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Let us assume that the pressure of the gas phase is so small that its effect on 
the properties of the liquid phase may be neglected. Then the derivative of « 
in formula (145.1), which must be taken along the phase equilibrium curve 
at the temperature concerned, can be replaced by the derivative at constant 
(viz.zero) pressure (and constant T). Regarding « as a function of the temper- 
ature and the concentration c of the solution, we can rewrite formula (145.1) 
as 

Nn, = —38(0«/0c);(Oc/Op’)z, p. (145.2) 


According to the thermodynamic inequality (98.7), the derivative (Ou'/Oc)7, p 
is always positive. Hence it follows from (145.2) that n, and (Oa/dc)7 have 
opposite signs. This means that, if the solute raises the surface tension ( 
increases with increasing concentration of the solution), it is negatively 
adsorbed. Substances which lower the surface tension are positively adsorbed. 

If the solution is a weak one, the chemical potentiai of the solute is of the 
form p’ = T log c+y(P, T); substituting this in (145.2), we find 


ns = —3(c/T)(0«/Oc)r. (145.3) 


n, = —3(P/T)(0«/OP)r, (145.4) 


A similar formula, 


is obtained for the adsorption of a gas (at pressure P) by a liquid surface. 

If not only the solution but also the adsorption from it is weak, « can be 
expanded in powers of c; we have approximately « = ao+a1c, where %o is 
the surface tension at the interface between two phases of pure solvent. Then 
we have from (145.3) «1 = —n,T/8c, and hence - 


a—a = —n,7/3. (145.5) 


The resemblance between this formula and VAN ’T Horr’s formula for the os- 
motic pressure should be noticed (the volume being here replaced by the 
surface area). 


§146. Surface tension of solutions of strong electrolytes 


The change in surface tension of a liquid when a strong electrolyte is dis- 
solved init can be calculated in a general form for weak solutions (L. ONSAGER 
and N. N. T. SAMARAS 1934). 

Let w,(x) denote the additional energy of an ion (of the ath kind) because 
of the free surface at a distance x from the ion (w,(x) tending to zero as x + ©). 
The ion concentration near the surface differs from its value c, within 
the solution by a factor e~”/7 = 1—w,/T. The contribution of the surface 
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to the total number of these ions in the liquid is therefore 


Nas = “it | Meds (146.1) 
0 


where v is the molecular volume of the solvent. 
To calculate the surface tension, we begin from the relation 


3da = —)'ng, dug, (146.2) 
a 


where the summation is over all the kinds of ion in the solution. For weak 
solutions (u’, = T log ¢,+¥,); 


8da = —TY 7 dey. (146.3) 
a Cq 


Substitution of (146.1) gives, 


da = iy de, |v. dx. (146.4) 
a 
0 


It will be seen from the subsequent results that the main contribution to 
the integral comes from distances x which are large compared with the 
distances between molecules but small compared with the Debye-Hiickel 
length 1/2. 

The energy w, consists of two parts: 


_ €-1 ez,2 . 
Wa = eet) Fat &aP(*). (146.5) 


The first term arises from the “image force” on a charge ez, in a medium 
with dielectric constant ¢ at a distance x from its surface. Since x < 1/x, 
the screening effect of the ion cloud round the charge does not alter this 
energy. In the second term, ¢(x) denotes the change (owing to the presence 
of the surface) in the field potential due to all the other ions in the solution. 
This term is unimportant here, however, since it disappears on substituting 
(146.5) in (146.4) because of the electrical neutrality of the solution OO ¢,2,= 
0, and therefore }'z,dc, = 0). 
Thus, carrying out the integration in (146.4), we find 


—1)e2 
da = (e—I1)e 


1 
= = _—__ ¥ log d(z.2 
4e(e+l)v & xa, (Za"¢a). 


The logarithmic divergence of the integral at both limits confirms the state- 
ment made above concerning the range of integration; we have naturally 
taken as the upper limit the screening length 1/x, and as the lower limit a 
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quantity a, of the order of atomic dimensions, but different for the different 
kinds of ion. Since +? is proportional to the sum )' z,2c,, we see that the ex- 
pression obtained is a total differential and so can be integrated directly, 
giving 

(e— le? 
8e(e+l)v | 


X—-Ao = 


72 
¥) Caza? log ——— “a (146.6) 


7% CpZp 


where a9 is the surface tension of the pure solvent and the A, are dimensionless 
constants. 

This formula gives the solution of the problem. It should be noticed that 
the dissolution of a strong electrolyte increases the surface tension of the 
liquid. 


§147. Adsorption 


Adsorption is the restricted sense includes cases where the solute is almost 
entirely concentrated at the surface of a solid or liquid adsorbent’, and hardly 
any of it enters the volume of the adsorbent. The “adsorbed film’ thus 
formed can be described by the surface concentration y, defined as the number 
of particles of the adsorbate (adsorbed substance) per unit surface area. At low 
pressures of the gas from which adsorption occurs, the concentration y must 
be proportional to the pressure?; at high pressures, however, y increases less 
rapidly and tends to a limiting value corresponding to the formation of a 
monomolecular layer with the adsorbate molecules closely packed together. 

Let p’ be the chemical potential of the adsorbate. By the same method as 
was used in §98 for ordinary solutions we can derive for adsorption the 
thermodynamic inequality 


(0u'/Oy)7 > 0, (147.1) 
which is entirely analogous to (98.7). From (145.1) we have 
y = —(0a/8p')r = —(0a/Oy)r(Oy/Or')7, (147.2) 
and (147.1) therefore implies that 
(0a/dy)7 < 0, (147.3) 


i.e. the surface tension decreases as the surface concentration increases. 
The minimum work which must be done to form the adsorbed film is equal 
to the corresponding change in the thermodynamic potential 2: 


Rmin = 3(«—%0), (147.4) 
t For definiteness we shall consider adsorption from a gas phase. 


t This rule is, however, not obeyed in practice for adsorption on a solid surface, since 
such a surface is never sufficiently homogeneous. 
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where ao is the surface tension on the surface before adsorption. Hence, using 
(92.4), we find the heat of adsorption . 
0 “—a9 
Q = -37 (sr Fz) (147.5) 

The adsorbed film may be regarded as a kind of “two-dimensional” thermo- 
dynamic system, which may be either isotropic or anisotropic, despite the 
isotropy of the two volume phases.’ The question arises of the possible types 
of symmetry of the film. 

The analogue of ordinary solid crystals would be a “solid crystalline” film 
with the atoms regularly arranged at the points of a two-dimensional (plane) 
lattice. This arrangement could be described by a two-dimensional “density 
function’”’ o(x, y) (cf. §128). However, an investigation similar to that given 
in §128 for the three-dimensional case shows that such a lattice can not exist, 
since it would be “smoothed out” by thermal fluctuations (and so the only 
possibility is 90 = constant): the mean square of the fluctuation displacement 
is given by an integral of the same form (128.2) as for the three-dimensional 


crystal lattice: 
dk,, dk, 
“Oy (Kx, Ky) ky)’ 


but in the two-dimensional case this integral is logarithmically divergent for 
small values of the wave number. 

To avoid misunderstanding, however, the following comment is necessary. 
The investigation just mentioned shows only that the fluctuation deformations 
become infinite as the dimensions (area) of the system increase without limit, 
whereas for a three-dimensional crystal lattice the characteristic property is 
that these deformations remain finite even for an infinite system. In practice, 
however, the size of the film for which the fluctuations still remain small may 
be quite large. In such cases a film of finite size might exhibit the properties 
of a solid crystal and we could approximately describe it as a two-dimensional 
lattice. 

For a two-dimensional film regarded as an infinite structure we can strictly 
speak only of the symmetry of the correlation between the positions of differ- 
ent molecules when the position of one of them is specified; in this sense the 
anisotropic film is a two-dimensional analogue of three-dimensional liquid 
crystals (see §129). Accordingly, the types of symmetry of films must be 


t Here we are considering adsorption on a liquid surface; adsorption on a solid surface 
is of no interest from this point of view, since, as mentioned above, such a surface is almost 
always inhomogeneous. 

It may be noted that anisotropy of the interface between two isotropic phases (liquid 
and vapour) of the same pure substance is also possible in principle. 

t Thus allowing us to consider arbitrarily small wave numbers. 
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classified according to point groups (combinations of planes and axes of 
symmetry). The rotations about axes and reflections in planes must, of course, 
leave the plane of the film unchanged and furthermore must leave the relative 
position of the two phases on either side of the film unchanged (this means 
that a plane of symmetry coinciding with the plane of the film is not possible). 
Thus the film can have only an axis of symmetry perpendicular to its plane 
and planes of symmetry passing through this axis, i.e. the possible types of 
symmetry of the film are restricted to the point groups C,, and C,,. 

As in three-dimensional bodies, so also in two-dimensional films there can 
exist different phases between which transitions of either the first or the second 
kind can occur. Transitions of the second kind are possible only between 
phases of different symmetry, but transitions of the first kind can occur 
between any phases, of either different or the same symmetry, including 
transitions between two isotropic phases of the gas-liquid type. The equilib- 
rium conditions for the two phases of the film require that their surface ten- 
sions as well as their temperatures and chemical potentials should be equal. 
The condition concerning the surface tensions corresponds to the condition. 
of equal pressures for volume phases and simply expresses the equality of the 
forces exerted by the two phases on each other. 


§148. Wetting 


Let us consider adsorption on the surface of a solid from a vapour at a 
pressure close to the saturation value. The equilibrium concentration y is 
determined by the condition that the chemical potential of the adsorbate p’ 
is equal to that of the vapour w,. Various cases can occur according to the 
dependence of p’ on y. 

Let us suppose that the quantity of adsorbate gradually increases and the 
adsorbed layer becomes a liquid film of macroscopic thickness- The “surface 
concentration” y then becomes a conventionally defined quantity propor- 
tional to the film thickness d: y = od/m, where m is the mass of a molecule 
and 0 the density of the liquid. As the film thickness increases, the chemical 
potential of the substance forming it tends to 4, the chemical potential of the 
liquid in bulk. We shall measure the value of p’ (for given P and T) from this 
limiting value, i.e. write w’+p, in place of py’; thus, by definition, p’ + Oas 
yr ©, 

The chemical potential of the vapour can be written as wu, = UT) + 
T log (p/po), where po(T) is the saturated vapour pressure; here we have 
used the fact that the saturated vapour is, by definition, in equilibrium with 
the liquid, i.e. we must have uy, = mw, when p = po.' The surface concentration 


t The liquid itself is regarded as incompressible, i.e. we neglect the dependence of its 
chemical potential on the pressure. 
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is determined by the condition w’+y, = Lg, OF 
L(y) = T log (p/po). (148.1) 


If this equation is satisfied by several values of y, the one which corresponds 
to a stable state is that for which the potential Q, is a minimum. Taking the 
value per unit area of the surface, we obtain a quantity which may be called 
(in the general case of any film thickness) the “effective surface-tension 
coefficient” « at the solid-vapour boundary, and which takes into account the 
presence of the layer between them. Integrating the relation (147.2), we can 
write 


co 


d , 
a(y) Ss dy tag) tay. (148.2) 


Y 


The constant is so chosen that as y + o the function a(y) becomes the sum of 
the surface tensions at the “bulk’’-phase (solid-liquid and liquid-gas) inter- 
faces. 

It may also be recalled that a necessary condition for the thermodynamic 
stability of a state is the inequality (147.1), which is valid for any y. 

Let us now consider some typical cases which may occur, depending on the 
nature of the function y'(y). In the diagrams given below, the continuous 
curve shows the form of this function in the region of macroscopically thick 
films of liquid, while the broken curve is that for adsorbed films of “molec- 
ular” thickness. It is, of course, not strictly possible to represent the func- 
tion in these two regions in one diagram to the same scale, and to this extent 
the diagrams are a convention. 

In the first case shown (Fig. 69a) the function y’(y) decreases monotonically 
with increasing y (i.e. with increasing film thickness) in the range of macro- 
scopic thicknesses. For molecular dimensions the function y'(y) always tends 
to —c as Tlog y when y — 0, this law corresponding to a “weak solution’’ 
of the adsorbate on the surface. The equilibrium concentration is determined, 
according to (148.1), by the point of intersection of the curve with a horizontal 
line uw’ = constant <0. In this case, this can occur only at molecular con- 
centrations, i.e. ordinary molecular adsorption must occur, as discussed in 
§147. 

If u’(y) increases monotonically but is everywhere negative (Fig. 69b), then 
in equilibrium a liquid film of macroscopic thickness is formed on the surface 
of the adsorbent. In particular, when the pressure p = po (saturated vapour), 
the film formed must be so thick that the properties of the substance in it do 
not differ from those of the liquid in bulk, i.e. the saturated vapour must be 
in contact with its own liquid phase. In that case we say that the liquid 
completely wets the solid surface in question. 
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More complicated cases are also theoretically possible. For example, if the 
function u’(y) passes through zero and has a maximum (Fig. 69c) we have a 
case of wetting but with formation of a film stable only at thicknesses below a 
certain limit. The film of finite thickness corresponding to the point A is in 


B # # 
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equilibrium with the saturated vapour. This state is separated from the other 
stable state (equilibrium of the solid wall with the bulk liquid) by a metastable 
region AB and a region of complete instability BC. 

The type of curve shown in Fig. 69d corresponds to a film which is unstable 
over a certain range of thickness. The line BF which cuts off equal areas BCD 
and DEF joins points B and F which have equal values of « (and equal p’), 
as is easily seen from (148.2). The branches AB and FG correspond to stable 
films; the range CE is completely unstable, while BC and EF are metastable. 

The two boundaries of the instability range (the points B and F) correspond 
in this case to macroscopic film thicknesses. Instability in the range from a 
certain macroscopic thickness to molecular thicknesses would correspond to a 
curve of the type shown in Fig. 69e, but such a curve would more likely lead 
to non-wetting, since the limit of stability would correspond to a point on BC 
where a horizontal line cuts off equal areas below the upper part and above 
the lower part of the curve. But this is usually impossible, since the latter area, 
which is related to the van der Waals forces (see below), is small compared 
with the former, which is related to the considerably greater forces at molec- 
ular distances. This means that the surface tension everywhere on BC is 
greater than that which would correspond to molecular adsorption on a solid 
surface, and the film will therefore be metastable. 

The chemical potential of the liquid film (measured from 44) represents the 
difference between the energy of the substance in the film and that in the 
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bulk liquid. It is therefore clear that w’ is determined by the interaction forces 
between atoms at distances large compared with atomic dimensions and ~d 
(van der Waals forces). The potential y’(d) can be calculated in a general 
form, the result being expressed in terms of electromagnetic properties of the 
solid wall and the liquid, namely their permittivities.* 


§149. The angle of contact 


Let us consider three bodies in contact, solid, liquid and gas (or one solid 
and two liquid), distinguishing them by suffixes 1, 2, 3 respectively and denot- 
ing the surface-tension coefficients at the interfaces by «12, «13, %23 (Fig. 70). 


Ong 
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Three surface-tension forces act on the line where all three bodies meet, 
each force being in the interface between the corresponding pair of bodies. 
We denote by @ the angle between the surface of the liquid and the plane 
surface of the solid, called the angle of contact. The value of this angle is 
determined by the condition of mechanical equilibrium: the resultant of the 
three surface-tension forces must have no component along the surface of the 
solid. Thus «13 = «12+23 cos 6, whence 


cos 4 = («13—a12)/a3. (149.1) 


If «13 > &19, i.e. the surface tension between the gas and the solid is greater 
than that between the solid and the liquid, then cos 6 > 0 and the angle of 
contact is acute, as in Fig. 70. If a13 < «12, however, the angle of contact is 
obtuse. 

From the expression (149.1) we see that in any actual case of stable contact 
the inequality 

|%13—Q12 | = %93 (149.2) 
must necessarily hold, since otherwise the condition of equilibrium would lead 


t See I. E. DzyAtosuinskil, E. M. Lirsurrz and L. P. PITAEVSKIi, Soviet Physics 
Uspekhi 4, 153, 1961; Advances of Physics 10, 165, 1961. 
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to an imaginary value of the angle 6, which has no meaning. On the other 
hand, if «12, 13, %23 are regarded as the values of the corresponding coeffi- 
cients for each pair of bodies by themselves, without the third one, then it may 
well happen that the condition (149.2) is not satisfied. Actually, however, it 
must be remembered that when three different substances are in contact there 
may in general be an adsorbed film of each substance on the interface between 
the other two, and this lowers the surface tension. The resulting coefficients 
« will certainly satisfy the inequality (149.2), and such adsorption will neces- 
sarily occur if the inequality would not be satisfied without it. 

If the liquid completely wets the solid surface, then a macroscopically thick 
liquid film, not an adsorbed film, is formed on the surface. The gas will 
therefore be everywhere in contact with the same liquid substance, and the 
surface tension between the solid and the gas is not involved at all. The con- 
dition of mechanical equilibrium gives simply cos 9 = 1, i.e. the angle of 
contact is zero. 

Similar arguments are valid for contact between three bodies of which none 
is solid: a liquid drop (3 in Fig. 71) on the surface of another liquid (1) 
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adjoining a gas (2). In this case the angles of contact 6; and 02 are determined 
by the vanishing of the resultant of the three surface-tension forces, i.e. of 
their vector sum: . 

Q12+413+Ge3 = 0. (149.3) 


Here it is evident that none of the quantities «12, «13, #23 can be greater than 
the sum or less than the difference of the other two. 


§150. Nucleation in phase transitions 


If a substance is in a metastable state, it will sooner or later enter another 
state which is stable. For example, supercooled vapour in time condenses to 
a liquid; a superheated liquid is converted into vapour. This change occurs 
in the following manner. Owing to fluctuations, small quantities of a new 
phase are formed in an originally homogeneous phase; for example, droplets 
of liquid form in a vapour. If the vapour is the stable phase, these droplets are 
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always unstable and eventually disappear. If the vapour is supercooled, how- 
ever, then when the droplets formed in it are sufficiently large they are stable 
and in time begin to grow and form a kind of centre of condensation for the 
vapour. The droplets must be sufficiently large in order to compensate the 
unfavourable energy change when a liquid-vapour interface is formed.* 

Thus there is a certain minimum or “critical”? size necessary for a nucleus, 
as it is called, of a new phase formed in a metastable phase, in order for it to 
become a centre for formation of the new phase. Since one phase or the other 
is stable for sizes less than and greater than the critical, the “critical nucleus” 
is in unstable equilibrium with the metastable phase. In what follows we shall 
discuss the probability that such nuclei occur.t Because of the rapid decrease 
in the probability of fluctuations of increasing size, the beginning of the phase 
transition is determined by the probability that nuclei of just this minimum 
necessary size occur. 

Let us consider the formation of nuclei in isotropic phases: the formation 
of liquid droplets in supercooled vapour, or of vapour bubbles in superheated 
liquid. A nucleus may be regarded as spherical, since, owing to its very small 
size, the effect of gravity on its shape is entirely negligible. For a nucleus in 

equilibrium with the surrounding medium we have, from (144.2), P’—P = 
2a/r, and the radius of the nucleus is therefore : 


Top = 2u/(P’—P); (150.1) 


the primed and unprimed letters everywhere refer to the nucleus and to the 
main (metastable) phase respectively. 

According to the general formula (114.1), the probability w of a fluctuation 
producing a nucleus is proportional to exp(—Rypin/T), where Ryjn is the 
minimum work needed to form the nucleus. Since the temperature and chem- 
ical potential of the nucleus have the same values as in the surrounding 
medium (the main phase), this work is given by the change in the potential 2 
in the process. Before the formation of the nucleus, the volume of the meta- 
stable phase was V-+V’' and its potential Q = —P(V+V’); after the forma- 
tion of the nucleus of volume V’, the potential 2 of the whole system is 
—PV—P'V'+a8. We therefore have 


Rmin = —(P’—P)V' +03. (150.2) 


For a spherical nucleus V’ = 4zr3/3 and 3 = 4ar?, and replacing r by (150.1) 


we find 
Rmin = 16203/3(P’ —P)?. (150.3) 


tIt should be borne in mind that this mechanism of formation of a new phase can 
actually occur only in a sufficiently pure substance. In practice, the centres of formation of 
the new phase are usually various kinds of “impurity” (dust particles, ions, etc.). 

+ The calculation of the probability that nuclei of any size occur is given in Problem 2, 
and illustrates the relationships described. 
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As in§144, we denote by Po the pressure of both phases (at a given tempera- 
ture 7) when the interface between them is plane; in other words, Po is the 
pressure for which the given value of T is the ordinary phase transition point, 
from which the superheating or supercooling is measured. If the metastable 
phase is only slightly superheated or supercooled, the differences 6P = P— Po, 
6P’ = P'—Poare relatively small and satisfy the equation (144.4): 


v' dP’ = vdP, (150.4) 


where v’ and v are the molecular volumes of the nucleus and the metastable 
phase. Replacing P’—P by 6P’— 6P in (150.3) and expressing 6P’ in terms of 
oP from (150.4), we find for the probability of formation of a nucleus in a 
slightly superheated or supercooled phase: 


1l6a3v’? 
Ww -~ exp = ie aY OFF . (150.5) 


In the formation of vapour bubbles in a superheated liquid we can neglect 
v in this formula in comparison with v’: 


L603 


In the formation of liquid droplets in a supercooled vapour we can neg- 
lect v’ in (150.5) in comparison with v, and substitute v = T/P = T/Po. This 


gives 


f  16m&3y@P,2 
a 0 
Woe RSE }. (150.7) 


The degree of metastability can be defined by the difference 67 = T—To 
between the temperature T of the metastable phase (with which the nucleus is 
in equilibrium) and the temperAture To of equilibrium of the two phases 
when the interface is plane, instead of by 6P. According to the Clapeyron- 
Clausius formula, 67 and 6P are related by 


= q 
P= Ea éT, 
where q is the molecular heat of the transition from the metastable phase to 
the nucleus phase. Substituting 6P in (150.5), we obtain for the probability 
of formation of a nucleus 


OTF | (150.8) 


ww exp | SmaTE e 


If saturated vapour is in contact with a solid surface (the wall of a vessel) 
which is completely wetted by the liquid, condensation of the vapour will 
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occur without nucleation, directly on this surface. The formation of a liquid 
film on the solid surface in this case does not require work to be done to form 
the interface, and so the existence of a metastable phase (supercooling of the 
vapour) is impossible. 

For the same reason, superheating of a solid with a free surface is in gen- 
eral impossible. This is because usually liquids completely wet the surface of 
a solid phase of the same substance; consequently, the formation of a liquid 
layer on the surface of a melting body does not require work to be done to 
form a new surface. 

The formation of nuclei within a crystal on melting can, however, occur if 
the necessary conditions of heating are maintained: the body must be heated 
internally and its surface kept at a temperature below the melting point. The 
probability of formation of nuclei then depends on elastic deformations 
accompanying the creation of liquid droplets within the solid.* 


PROBLEMS 


PROBLEM 1. Determine the probability of formation of a nucleus of a liquid on a solid 
surface for a given (non-zero) value of the angle of contact 6. 


SOLUTION. The nucleus will have the shape of a segment of a sphere with base radius 
r sin 6, r being the radius of the sphere. Its volume is V = 1/,7r°(1 —cos 0)? (2+ cos 6), and 
the surface areas of the curved part and the base are respectively 27r?(1 —cos 6) and zr*sin?0. 
Using the relation (149.1) for the angle of contact, we find that the change in 2, on forma- 
tion of the nucleus is 


a-2nr?(1—cos 6)—a cos 6-2r? sin? 6 = arr*(1—cos 4)2(2+ cos 6), 


where « is the surface-tension coefficient between the liquid and the vapour. This change 
in Q, is the same as would occur in the formation, in the vapour, of a spherical nucleus of 
volume V and surface tension 
1—cos 6 \2/3 
Care = (—) (2+cos 6)13, 
Accordingly, the required formulae for the formation of nuclei are obtained from those 
derived in the text on replacing & by oq. 


PROBLEM 2. Find the probability of formation of a nucleus of arbitrary dimensions. 


SOLUTION. We regard the metastable phase as an external medium containing the 
nucleus, and calculate the work of formation of the nucleus from formula (20.2): Ruin = 
MA(E—T )S+ PV) or, since in this case the process occurs at constant temperature equal 
to the temperature of the medium, Ruin = 4(F+P)V). To determine this quantity, it is 
sufficient to consider only the amount of substance which enters the other phase (since the 
state of the remaining substance in the metastable phase remains unchanged). Again denot- 
ing the quantities pertaining to the substance in the original and the new phase by unprimed 
and primed letters respectively, we have 


Rain = [F(P’)+PV’ +08]—[F(P)+ PV] = OP) —-P(P)—@’ — P)V' +08; (1) 
for a nucleus in unstable equilibrium with the metastable phase we should have ®’(P’) = 
@(P) and thus return to (150.2). 


t See I. M. Lirsuitz and L.S. Guxtiwa, Doklady Akademii nauk SSSR 87, 377, 523, 
1952. 
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Assuming the degree of metastability to be small, we have D’(P’) = O(P)+(P’—P)V’, 
and (1) thus reduces to 
Rain = n{u'(P)— WP)] +03, 


where n = V’/v’ is the number of particles in the nucleus. For a spherical nucleus, 


4znr8 


Ror WMP) — w(P)\ + 4cur’oe, (2) 


Rain = — 


In the metastability range, u(P) > u’(P) and hence the first term (the volume term) is 
negative. The expression (2) may be said to describe the potential barrier which has to be 
overcome for the formation of a stable nucleus. It has a maximum at 

r= Toy = 2oev’/[u(P)~ w'(PY), 


corresponding to the critical radius of the nucleus. For r<r,, a decrease of r is ener- 
getically favourable and the nucleus is absorbed; for r > r,, an increase of r is favourable 
and the nucleus grows.* 


§151. Fluctuations in the curvature of long molecules 


In ordinary molecules, the strong interaction between atoms reduces the 
thermal motion within molecules to small oscillations of the atoms about 
their equilibrium positions, which have practically no effect on the shape of 
the molecule. Molecules consisting of very long chains of atoms (e.g. long 
polymer hydrocarbon chains) behave quite differently, however. The great 
length of the molecule, together with the relative weakness of the forces tend- 
ing to preserve the equilibrium straight shape of the molecule, means that 
the fluctuation curvature of the molecule may become very large and even 
cause the molecule to “coil up”’. The great length of the molecule enables us to 
consider it as a kind of macroscopic linear system, and statistical methods 
may be used in order to calculate the mean values of quantities describing its 
curvature (S. E. BRESLER and YA. I. FRENKEL’ 1939). 

We shall consider molecules having a uniform structure along their length 
(as is true of long polymer chains). Being concerned only with their shape, 
we can regard such molecules as uniform continuous threads. The shape of a 
thread is defined by specifying at each point in it the “curvature vector” @, 
which is along the principal normal to the curve and equal in magnitude to 
the reciprocal of the radius of curvature. 

The curvature of the molecule is in general small at each point; since the 
molecule is of great length this does not, of course, exclude very large relative 
movements of distant points of it. For small values of the vector @, the free 


t The calculation of Rin for r = rey naturally leads to formula (150.5) if we note that 
under these conditions u(P)—p’(P) = (v—v’)OP. 

t In the theory given here, the molecule is regarded as an isolated system, its interaction 
with neighbouring molecules being neglected. In a solid or liquid substance this interaction 
may, of course, have a considerable effect on the shape of the molecules. Although the 
applicability of the results to actual substances is therefore very limited, their derivation is 
of considerable methodological interest. 
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energy per unit length of the curved molecule can be expanded in powers of 
the components of this vector. Since the free energy is a minimum in the equi- 
librium position (the straight shape, with @ = 0 at every point) linear terms do 
not appear in the expansion, and we have 


F = Fot+t )' ainoi0,, (151.1) 
ih 


where the values of the coefficients a, represent the properties of the straight 
molecule (its “resistance to curvature”) and are constant along its length, 
since the molecule is assumed homogeneous. 

The vector g is in the plane normal to the line of the molecule at the point 
considered, and has two independent components in that plane. Accordingly, 
the set of constants a;, forms a symmetrical tensor of dimension two and 
rank two in this plane We refer this to its principal axes, and denote its prin- 
cipal values by ai, a2; the thread which represents the molecule need not be 
axially symmetrical in its properties, and so a1 and az need not be equal. The 
expression (151.1) then becomes 


F = Fo+4(a10}+ 4203), 


where @1 and Q2 are the components of g in the direction of the corresponding 
principal axes. 

Finally, integrating over the whole length of the molecule, we find the total 
change in its free energy due to a slight curvature: 


AF, = 4 | (aro + 2208) a, (151.2) 


where / is a co-ordinate along the thread. It is clear that a, and ae are neces- 
sarily positive. 

Let t, and t, be unit vectors along the tangents at two points a and b on the 
thread separated by a section of length /, and let 6 = O(/) denote the angle 
between these tangents, i.e. t,-t, = cos 0. 

Let us first consider a curvature so slight that the angle 6 is small even for 
distant points. We draw two planes through the vector t, and the two princi- 
pal axes of the tensor a,, in the normal plane (at the point a). For small 6, 
the square of this angle may be written 


6? = 62+ 63, (151.3) 


where 0) and 2 are the angles of rotation of the vector t, relative to t, in 
these two planes. The components of the curvature vector are related to the 
functions 4;(/) and 62(/) by 01 = d6x(/)/d/, 02 = d6.(/)/d/, and the change in 
the free energy due to the curvature of the molecule may be written 
= ‘d6,\? d62\? 
AF, =4 | [a (“ar) ses Ear Ju (151.4) 


‘ / XN 
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In calculating the probability of a fluctuation with given values of 0:(/) = 41 
and 02(/) = 62for a particular /, we must consider the most complete equilib- 
rium possible for given 6; and 9: (see the first footnote to §113). That is, we 
must determine the minimum possible value of the free energy for given 0; 


and 6. An integral of the form 
l 


d01\2 
| (ar) dl 
0 


for given values of the function 6(/) at both limits (0,(0) = 0, 03(2) = 43) has 
a minimum value if 9:(/) varies linearly. Then 


_ af | a265 | 
AP op FOr 
the fluctuation probability w ~ e747 (see (119.1)), and so we obtain for 


the mean squares of the two angles 
@=(T/a, = IT/ar. 


The mean square of the angle 0(/) under consideration is 


@=Ir (2+2) (151.5) 
ay az 
In this approximation it is, as we should expect, proportional to the length of 
the section of the molecule between the two points. 
Curvature with large values of the angles 0(/) may now be treated as fol- 
lows. The angles between the tangents t,, t,, t, at three points a, b, c on the 
thread are related by the trigonometrical formula 


COS ONa¢ = COS Oyy COS Oy,—SiN Aap Sin Doe COS &, 


where ¢ is the angle between the planes (t,, t,) and (t,, t,). Averaging this for- 
mula and bearing in mind that, in the approximation considered, the fluctua- 
tions of curvature of the sections ab and bc of the molecule (for a given direc- 
tion of the tangent t, at the middle point) are statistically independent, we 
obtain 

COS Og, = COS Agp COS O5- 


= COS Ogpy COS Ay.5 
the term containing cos ¢ gives zero on averaging. 


This relation shows that the mean value cos @(/) must be a multiplicative 
function of the length / of the section of the molecule between two given 
points. But for small 6(/) we must have, according to (151.5), 


cos (7) = 1-46? = 1—IT/a, 
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with the notation 2/a = 1/a,+1/a2. The function which satisfies both these 


conditions is . 
cos 4(/) = e-!Tia, (151.6) 


and this is the required formula. For large distances /, the mean value‘ 
cos 6 = 0, in accordance with the statistical independence of the directions 
of sufficiently distant parts of the molecule. 

By means of formula (151.6) it is easy to determine the mean square of the 
distance R (measured in a straight line) between the two ends of the molecule. 
If t(J) is a unit vector along the tangent at an arbitrary point in the molecule, 
the radius vector between its ends is 

a 


R =| t(/) di, 
0 


where L is the total length of the molecule. Writing the square of this integral 
as a double integral and averaging, we obtain 


LL 
an 


LL 
Rs | | t(/1)-t(l2) dh dls = | | en TL iiddy dla 
0 0 


a 


v0 0 


The calculation of the integral gives the final formula 
R= 2). 
B= 2(§ 


For low temperatures (LT « a) this becomes 


(=- 1 +e-1Tia) : (151.7) 


R? = L°(1—LT/3a); (151.8) 


as T + 0 the mean square R? tends to the square of the total length of the 
molecule, as it should. If LT >> a (high temperatures or great lengths L), 


R? = 2La/T. (151.9) 


Then R? is proportional to the length of the molecule, and as L increases 


the ratio R2/L? tends to zero. 


§152. The impossibility of the existence of phases in one-dimensional systems 


A problem of theoretical interest is that of the possibility of existence of 
more than one phase in one-dimensional (linear) systems, i.e. those in which 
the particles lie along a line. The following argument shows that in fact 
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thermodynamic equilibrium between two homogeneous phases in contact at 
a single point and having arbitrarily large extent in length is not possible. 

To prove this, let us imagine a linear system consisting of an alternation of 
sections formed by two different phases. Let Bp be the thermodynamic poten- 
tial of this system, without allowance for the existence of points of contact be- 
tween different phases, i.e. the thermodynamic potential of the total amounts 
of the two phases without regard to their division into sections. To take into 
account the effect of the points of contact, we note that the system may be 
formally regarded as a “solution” of these points in the two phases. If the 
“solution” is weak, the thermodynamic potential ® of the system will be 


® = ©o+nT log (n/eL)+ny, 
where n is the number of points of contact in a length L. Hence 
0®/on = T log (n/L)+y. 


When the “concentration” n/L is sufficiently small (i.e. for a small number of 
sections of different phases), log (n/L) is large and negative, and therefore 
0@/on < 0. Thus @ decreases with increasing m, and since ® must tend to a 
minimum n will increase (until the derivative 6®/dn becomes positive). That 
is, the two phases will tend to intermingle in shorter and shorter sections, and 
therefore can not exist as separate phases. 


INDEX 


Absolute temperature 34 
Acoustic waves 183 
Adiabatic processes 37-40 
Adsorption 462, 465-7 
Amorphous solids 170 
Angle of contact 470-1 
Anisotropic bodies 401 
Averaging, statistical 4 
Azeotropic mixture 307 n. 


Barometricformula 109, 282 
Black-body radiation 162-9 
Boltzmann distribution 107-9 
Boltzmann’s constant 34 
Boltzmann’s formula 109 
Boltzmann’s Htheorem 114 
Boltzmann’slaw 165 
Bose 

gas 146 ff.,234—40 

statistics 145 ff., 186, 187-91 
Bose-Einstein condensation 160n., 251 
Boyle point 219 n. 
Bravais lattice 407 ff. 


Canonical distribution 77 
Carnot cycle 56 
Characteristic functions 47 
Characteristic temperature 177 
Chemical constant 119 
Chemical equilibrium 316 
constant 318 
Chemical potential 68, 273 
Chemical reactions 316 ff. 
Clapeyron—Clausius formula 261 
Classes, crystal 412-14 
Collisions, molecular 110-12 
Concentration 
point ofequal 301 
of solution 273, 276 
Condensation 
Bose-Einstein 160n., 251 
retrograde 308 
Correlation functions 228-30, 360, 370, 
381 
Corresponding states 179, 271 


481 


Criticalline 299 
Critical point 263 ff., 299, 301-5, 362-5, 
445-6 
Critical pressure 263 
Criticaltemperature 263 
Cross-sections 111 
Crystal 
classes 412-14 
planes 417 
space groups 414-16 
systems 408-12 
Crystals 170 
liquid 404 
ordering of 170-1, 425-7 
surface tension of 458-60 
symmetry of 401 ff. 
Curie point 425 n. 


Debye 
function 178 
interpolationformula 178 
temperature 177 
Degenerate 
frequency 142 
gas 151-62, 234-56 
Degrees 
of freedom, thermodynamic 275 
of temperature 34-35 
Density 
function 401-4 
matrix 16 
matter athigh 327 ff. 
Diatomic gases 129-40 
Dielectrics, electronic spectra of 210-11 
Disordered crystal 425 
Dispersion relation 183 
Dissipation 378-81 
Distribution function 3, 76 ff. 
Boltzmann 107-9 
canonical 77 
Gaussian 344 ff. 
Gibbs 77; see Gibbs distribution 
Maxwellian 80 
microcanonical 12, 22,76 
Planck’s 163 


482 


Distribution law 281 
Dulong and Petit’slaw 175 


Efficiency of Carnot cycle 57 
Elastic waves 183 
Electrolytes, strong 287 
Electron-positron pair production 324-6 
Endothermic reaction 320 
Energy 11-14 

free 46; see Free energy 

gravitational 336-8 
Ensemble, statistical 9n. 
Enthalpy 45 n. 
Entropy 24-32 

law of increase of 28 

of mixing 291 
Equation of state 49 

at high density 327-9 

ofidealgas 116 
Equilibrium 

curves 301 

incomplete 13 

of bodies of large mass 330-6 

of “neutron” sphere 338-42 

partial 13 

statistical 5 

surface 300 

thermal 5 

thermodynamic 5 
Equipartition, law of 124 
Equivalent lattice points 402 
Equivalent vectors 419 
Ergodic hypothesis 12 n. 
Eutectic point 309 
Exchange effect 106, 228 
Excitations, elementary 188 
Excitons 210 
Exothermic reaction 320 
Expansion, thermal 180-1 
Extended group 421 


Fermi 
gas 145 ff. 
sphere 197 
statistics 144 ff., 196-211 
surface 200 ff. 
Fluctuations 343 ff. 
in curvature of molecules 
relative 8 
root-mean-square (r.m.s.) 7 
thermodynamic 372 
Freeenergy 46,47 n. 
in Gibbs distribution 86-89 
of ideal Boltzmann gas 114-15 


475-8 


Index 


Freedom, thermodynamic degrees of 275 
Friction 378-81 
Fugacity 220 


Gas 
completely ionised 225-8 
constant 116n. 
ideal 106 ff., 289-91, 354-5, 365-70 


non-ideal 215 ff. 
see also Bose gas; Degenerate gas; Fermi 
gas : 

Gaussian distribution 344 ff. 
Gibbs distribution 77 

freeenergyin 86-89 

for rotating bodies 99-101 

for variable number of particles 
Gibbs freeenergy 47 n. 
Gibbs’ phase rule 275 
Glide plane 406 
Glide-refiection plane 406 
Gravitational collapse 341 
Gravitational energy 336-8 
Gravitational radius 341 
Group, symmetry 401; see Symmetry 

groups 
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Heat 

bath 26 

content 45n. 

function 45 

quantity of 43 
ofreaction 320 

of solution 283 
specific 45, 429-33 

of transition 259 
Helium 171, 189-96, 457-8 
Helmholtz free energy 47 n. 
Henry’slaw 282 
Hydrogen molecules 134-5 
Hyperfine splitting 129 


Ideal gases 106 ff., 289-91, 354-5, 365-70 
Ideal mixtures 293 
Incomplete equilibrium 13 
Integral 

ofthe motion 11 

over states 88 
Ionisation equilibrium 323-4 
Irreversible processes 32 
Isobaric process 120 
Isochoric process 120 
Isolation, thermal 37 
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Isotopes, mixtures of 291-4 
Isotropic bodies 401 


Joule-Thomson process 54, 219, 225 
Kinetic coefficients 375-8 
Kinetics 6 


Kirchhoff’s law 166 
Kramers and Kronig’s formulae 390 


A-point 195, 425 n. 

Latent heat of transition 259 
Le Chatelier’s principle 64 
Leverrule 258, 306 
Liouville’s theorem 10 
Liquid crystals 404 


Macroscopic motion 35 
Macroscopic states 13 
Magnetic structure 401 n. 


Mass 
action, lawof 318 
effective 200 


equilibrium of bodies of large 330-6 
Matrix 

density 16 

statistical 17 
Maxwellian distribution 80 
Mechanical invariants 11 
Metals, electronic spectra of 203-10 
Metastable states 43, 63 
Microcanonical distribution 12, 22, 76 
Millerindices 418 
Mixed states 18 
Mixtures 289 ff.; see also Solutions 
Monatomic gases 125-9 


Nernst’s theorem 66, 127 

“Neutron sphere”, equilibrium of 338-42 
Non-ideal gases 215 ff. 

Normal co-ordinates 84 

Normal modes 142 

Nucleation 471-5 

Nucleus 472 


Occupation numbers 106 
Optical vibrations 184 
Ordering ofcrystals 170-1, 425-7 
Oscillator 84 

probability distribution for 83-86 
Osmotic pressure 277 
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Pair production 324-6 
Partial equilibrium 13 
Partition function 87 
Pauli’s principle 144 
Perturbation theory, thermodynamic 
90-93 

Phase 

diagram 306 

equilibrium 257 ff. 

of matter 257 

point 2 

rule 275 

space 2 

trajectory 2 

transitions of the second kind 424 ff. 
Phonons 185 
Photon gas 162 ff. 
Planck’s distribution 163 
Planck’s formula 163 
Plasmas 225-8 
Point groups 404 ff. 
Poisson adiabatic 119 
Poisson’s formula 357 
Polaron 211 


‘Polyatomic gases 140-3 
Polytropic process 120 
Potential 


chemical 68, 273 

thermodynamic 47 
Pressure 41 

critical 263 

negative 42 

osmotic 277 

surface 460-2 
Proper symmetry group 420 
Pure states 18 


Quantum 
liquids 188-203 
statistics 14 ff., 66, 171, 185-211, 230-56, 
343-4 
Quasi-closed subsystems 6 
Quasi-momentum 185, 205 
Quasi-particles 185, 188 


Raoult’slaw 281 

Rayleigh-Jeans formula 163 

Reactions, chemical 316 ff. 

Reciprocal lattice 417 

Reduced quantities 271 

Regular representations 440 

Relativistic thermodynamic relations 
73-75, 125, 157-9, 324-6, 328-9 

Relaxationtime 6 
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Representations of space groups 418-23, 
434-42 

small 420 
Retrograde condensation 308 
Reversible processes 32 
Root-mean-square (r.m.s.) fluctuation 7 
Rotary-reflection axis 405 
Rotating bodies 71-73, 99-101, 118 
Rotons 190 


Screw axis 406 
Second quantisation method 365 
Solids 170 ff. 
amorphous 170 
crystalline 170 
“athigh temperatures 174-6 
atlowtemperatures 170-4 
thermal expansion of 180-1 
Solute 275 
Solutions 273 ff., 358-9 
surface tension of 462-5 
weak 275-87 
Solvent 273 
Sound propagation in solids 
Space groups 414-16 
extended 421 
representations of 418-23, 434-42 
Specificheat 45, 429-33 
Star ofavector 419 
Statistical averaging 4 
Statistical distribution function 3, 22 
Statisticalensemble 9n. 
Statistical equilibrium 5 
Statistical independence 6 
Statisticallaws 1 
Statistical matrix 17 
Statistical physics 1 ff. 
Statistical weight 24, 125 
Statistics 1 ff. 
Subsystems 2, 101 
quasi-closed 6 
Sum over states 87 
Superfiuidity 191-6, 250 
Superlattice 442 
Surface 
pressure 460-2 
tension 455 ff. 
Surfaces 455 ff. 
Susceptibility, generalised 385-91 


172-3, 181-7 
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Symmetry 
axisof 405-6 
of crystals 401 ff., 433-45 
groups 401 
point 404 ff. 
proper 420 
space 414-16, 418-23, 434-42 
plane of 405-6 
transformations 401 
Systems, crystal 408-12 


Temperature 34-37 

critical 263 

Debye 177 

negative 211-14 

thermodynamic scale of 53 
Thermal equilibrium 5 
Thermal expansion 180-1 
Thermalisolation 37 
Thermodynamic degrees of freedom 275 
Thermodynamic equilibrium 5 
Thermodynamic fluctuations 372 
Thermodynamic inequalities 62, 296-9 
Thermodynamic perturbation theory 

90-93 

Thermodynamic potentials 47 
Thermodynamic quantities 33 ff. 
Thermodynamic relations 33 
Thermodynamics, second law of 28 
Thermostat 26 
Three-phase line 300, 303 
Triple points 259, 300 

line of 300, 303 


Unit cell 407 
Utilisation coefficient 57 


Van der Waals’ equation 224 
reduced 271 

Van *t Hoff’sformula 278 

Virial coefficients 220, 230-4 

Virial theorem 89-90 


Wetting 467-70 
Wien’sformula 164 
Work 43 
maximum 55-60 
Working medium 56 
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by L. D. LANDAU and E. M. LIFSHITZ 
Institute of Physical Problems, USSR Academy of Sciences 
The complete Course of Theoretical Physics by Landau and Lifshitz, recognized as two of 
the world’s outstanding physicists, is being published in full by Pergamon Press. It comprises 
nine volumes,.covering all branches of the subject; translations from Russian are by 
leading scientists. 
Typical of many statements made by experts, reviewing the series, are the following: 
“The titles of the volumes in this series cover a vast range of topics, and there seems to be 
little in physics on which the authors are not very well informed.” Nature 
“The remarkable nine-volume Course of Theoretical Physics... the clearness and accuracy 
of the authors’ treatment of theoretical physics is well maintained.” © 

Proceedings of the Physical Society 


Of individual vohunes, reviewers have written: 
MECHANICS 


“The entire book is a masterpiece of scientific writing. There is not a superfluous sentence 
and the authors know exactly where they are going.... It is certain that this volume will be 
able to hold its own amongst more conventional texts in classical mechanics, as a scholarly 
and economic exposition of the subject.” Science Progress 


QUANTUM MECHANICS (Non-relativistic Theory) . 


“... throughout the five hundred large pages, the authors’ discussion proceeds with the 
clarity and succinctness typical of the very best works on theoretical physics.” Technology 


FLUID MECHANICS 


“The ground covered includes ideal fluids, viscous fluids, turbulence, boundary layers, 
' conduction and diffusion, surface phenomena and sound. Compressible fluids are treated 
under the headings of shock waves, one dimensional gas flow and flow past finite bodies. 
There is a chapter on the fluid dynamics of combustion while unusual topics discussed are 
relativistic fluid dynamics, dynamics of superfluids and fluctuations in fluid dynamics .. . 
a valuable addition to any library covering the mechanics of fluids.” Science Progress 


THE CLASSICAL THEORY OF FIELDS (Second Edition) . 

“This is an excellent and readable volume. It is a valuable and unique addition to the 
literature of theoretical physics.” Science 
“The clarity of style, the conciseness of treatment, and the originality and variety of illustrative 
problems make this a book which can be highly recommended.” 


Proceedings of the Physical Society 
STATISTICAL PHYSICS 


“... stimulating reading, partly because of the clarity and compactness of some of the 
treatments put forward, and partly by reason of contrasts with texts on statistical mechanics 
and statistical thermodynamics better known to English sciences. ... Other features attract 
attention since they do not always receive comparable mention in other textbooks.” 


New Scientist 
THEORY OF ELASTICITY 


“| shall be surprised if this book does not come to be regarded as a masterpiece.” 
Journal of the Royal Institute of Physics 
(now the Physics Bulletin) 
“",, the book is well constructed, ably translated, and excellently produced.” 
Journal of the Royal Aeronautical Society 


ELECTRODYNAMICS OF CONTINUOUS MEDIA 


“Within the volume one finds everything expected of a textbook on classical electricity and 
magnetism, and a great deal more. It is quite certain that this book will remain unique and 


indispensable for many years to come.” Science Progress 
“The volume on electrodynamics conveys a sense of mastery of the subject on the part of 
the authors which is truly astonishing.” Nature 
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